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PKEFACE 



TO THE SECOND PART 



A S the subject-matter of the Second Part, consisting 
■^^ largely of Spherical Geometry, differs widely 
from that of the first, it seems necessary to state the con- 
siderations which induced us to introduce it into a work 
on Spherical Trigonometry. 

In the first place, Spherical Geometry is very closely 
allied to Spherical Trigonometry, and in some places the 
two subjects so overlap that separation becomes impossible. 
Again, the former subject can only be approached through 
the latter, and it therefore forms a fitting sequel to a work 
on that subject; unless, indeed, it might rank of such 
importance as to demand separate treatment, and a 
separate volume for itself. Owing to the comparative 
neglect into which it has fallen, this latter appears to us 
to be out of the question at present; and hoping to rescue 
it, to some extent, we have taken such notice of it as 
appears in the later chapters of the present treatise. We 
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have been further urged to this by the absence, as far as 
we are aware, of any book entering into the subject, or 
even broaching upon it, except the late Professor Mul- 
cahy's elegant treatise on Modem Q-eometry, where some 
of the more elementary principles are introduced. To 
this work we wish to acknowledge our obligations in so 
far as that from it we drew some of our first ideas on the 
subject. 

For the sake of compression we have confined ourselves 
to giving in the text only such theorems as we con- 
sidered of fundamental importance, and we have plax^ed 
as examples many elegant and important propositions, 
analogues of well-known results in Plane Q-eometry. In 
most cases the proofs will be found identical with the 
recognised methods used to prove the corresponding 
theorems in piano; but in many instances the proofs, as 
well as the results, are original, yet we trust we have in 
no case introduced originality, except with the object of 
gaining simplicity. The results are in some places so 
closely allied to those of Plane Geometry, that their 
further development has been left to the student. This 
is notably so in the case of Anharmonic Section and 
Spherical Involution. 

Dismissing the subject of Spherical Geometry, the other 
chapters of this part (which belong to Spherical Trigono- 
metry) have been written with the same aim as those of 
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Part I., viz., that each should be as complete as possible 
in itself. To this end we have introduced into Chap. VI., 
which treats of the circles related to a triangle, a section 
on the angular distances of the pole of the Circumcircle 
from the poles of the In- and Ex-circles, and also a sec- 
tion embracing the general properties of Dr. Hart's 
Circle. These sections, however, and such other material 
throughout thp work as appeared too difficult for the 
beginner, have been placed in small tjrpe, and may be 
judiciously omitted on first reading. 

In Chap. YII., which treats of Areas, an attempt has 
been made to reduce to general headings what has gene- 
rally appeared in a straggling shape. Some novelty has 
also been introduced into it, e, g. a geometrical representa- 
tion of the Spherical Excess, and a section on Maximum 
Areas, as well as an introductory section. Chapter VIII. 
is devoted entirely to the properties of the Chordal Tri- 
angle, and the most meagre perusal will render it obvious 
why it does not appear earlier in the work. Chapters IX. 
and X. are the result of an attempt to reduce to general 
headings some propositions apparently of an outlying and 
miscellaneous character. They have been considerably 
developed, and the principles in them are so important as 
not only to justify their insertion, but also to amply repay 
any time or trouble spent upon them. 

The principles of Spherical and Stereographic Projec- 
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tion are of such importance, that we have deemed it advis- 
able to devote an entire chapter to their development 
and illustration, and when the student has made himself 
familiar with them, he will find himself possessed of 
methods of great power and discovery. With respect to 
the Stereographic Projection, we are largely indebted to 
"Des Methodes en Geometric," par Paul Serret. 

Another method (analytical) of attex)king and investi- 
gating the properties of Spherical Figures we have used 
considerably, and we had hoped to introduce a short 
notice of it into this part, but want of space has com- 
pelled us to omit it, at least for the present. 

In conclusion, we desire to thank Mr. C. E. M^Vicker 
for several useful suggestions, and for the interest he 
exhibited in the proofs of the later chapters. We re- 
gret, however, that we have not been able to obtain some 
other valuable assistance from our mathematical friends. 



WM. J. MCCLELLAND, 
THOMAS PRESTON. 



Tbinity College, Dxtblin, 
August ^ 1886. 
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CHAPTEE VI. 

ON THE CIRCLES RELATED TO A TRIANGLE. 

Section I. 

The In- Circles and Hx- Circles. 

77. Four small circles can be described each touching 
the sides of a given triangle. The existence of these 
circles has been referred to in Art. 18, and the demon- 
strations there were seen to be precisely the same as for 
the corresponding circles in piano. When the points of 
contact with the sides lie between the vertices, the circle 
is termed the Inscribedy or In-circle ; and its pole is the 
intersection of the internal bisectors of the angles of the 
given triangle. When the points of contact are in triads 
on one side, and on the other two produced (fig. 31), the 
circles are said to be escribed to the triangle ; and the 
poles of the escribed, or Ex-circks^ are at the intersections 
of the bisectors of the external angles. It is therefore 
manifest that the three ex-circles of any triangle are the 
in-circles of its colunar, or associated triangles. 

The angidar radii of the in-circle and ex-circles are 
usually denoted by the letters r, n, rj, ra, or, r, r^, rj, r^. 

In fig. 31 the six bisectors of the angles of the triangle 
ABC pass in triads through the four points 0, Oj, O2, O3 ; 
these points being respectively the poles of the in-circle 
and ex-circles. 

PART II. B 



2 On the Circles related to a Triangle. 

Moreover, Oi is the pole of the circle escribed to the 
side a, and also the pole of the in-circle of the coltuiar 
triangle on the same side ; and a sunilar remark applies 
to the points 0% and Oj. 



o,^C- 







Fig. 31. 



Examples. 

1. The tangents from A, B, Cto the in-circle are *-a, «-i, s-c. 

2. From ^ to the ex-circles, *,*-«,«-*, &c. 

8. To the four circles from any vertex, «,«-«,«-*,«-<?• 
4. The point is the orthocentre* of the triangle O1O2O3. 



• Hence, generally, the perpendiculars of a spherical triangle meet in a 
point (cf. Arts. 21 and 54). 



Examples. 3 

5. The common tangents (direct) to the ex-circles, taken in pairs, are 
b -^ e, e •{■ a, a -k- b, 

6. The transverse common tangents to the ex-circles are equal to the 
sides of the given triangle. 

7. The direct common tangents to the in-circle and each of the ex-circles 
are, respectively, a, b^ e; the transverse common tangents are i(b — e); 

i (*-«): J(«-i). 

8. Prove the following : — 

co8«-|-cos(«-a)+co8(« — 6) + co8(«-0)=34cos ^a cos^& cos^<;. 

9. cos(« — d)+cos (*— c)- cos(«-a)— cos« = 4cos J« sin ^b sin^<;. 

10. sin (« — a) + sin (« — i) + sin (« - <;) - sin « = 4 sin ^ a sin ^ ^ sin ^ <;. 

11. sin « + sin (« — 6) + sin (« — 0) - sin (« — a) = 4 sin ^ a cos ^ & cos ^ <;. 

12. sin(«-6)sin(«— c) + sin(«— <;)sin(«— a) + sin(« — a) sin(« — 6) 

+ sin « sin (« - a) + sin « sin (« - i) + sin « sin (« - c) 

= sin & sin + sin sin a + sin a sin &. 

[In Exs. 12 and 13 resolve each term on the left-hand side into a differ- 
ence of two cosines ; therefore, &c.] 

13. sin (s - b) an {s — e) •\- sin (» - c) sin (»-«)- sin {s — a) sin (a — b) 

+ sin » sin (* - a) + sin « sin (« - A) — sin » sin (« — c) 

= sin b sin e + sin e sin a — sin a sin b. 

14. sin* 8 + sin* (» — a) + sin* (« — J) + sin* («-<?) = 2 (1 - cos a cos b coae). 

[For 2 sin' « = 1 - cos 2«, &c.] 

16. sin* « + sin' (* - a) — tan^ {s - b) -std* {s - e) = 2cos« sin A sin*?. 

(Cf. Ex. 9.) 

16a. cos* * + COB* («-»)+ cos' (« - i) + cos* (» - c) = 2 (1 + cos a cos b cos e): 
cos* 8 + cos* (« - a) — cos* (a — b) — cos* (« - c) = — 2 cos a sin b sin e. 

^^ ^>^ ^^ cosri C08r2 cosra 

16. cos OOi : cos OOj : cos OOz = 



cos {» —a) * cos (« — ^) * cos (»—<?)' 

[For cos OOi = cos OC cos OiC= cos r cos n cos (* - *) cos (* — <?), &c.] 

17. The sides of the triangle OiO%Oz bisect externally the vertical angles 
of the colunars of ABC. 

B 2 
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18. tan Oi Os tan Oi 5 = tan Oi -4 tan OOi = tan Oi (h tan 0\ C, 

(Cf. p. 144, Ex. 3.) 
_ - cos Oi cos 0% cos (h 

19. "T-T— 7 = ". V p = . 1 ^ = cos «. 

&m^A sm\B sinft/ 
[From the triangle BCOi^ cos Oi + sin J ^ sin J C = cos J J cos J C cos », &c.] 

78. The In-cirde. — To find the angular radius of the 
in-circle of a triangle. 

By the preceding Article, and p. 33 (4), if Z denote the 
point of contact with the side c (fig. 31), we have 

tan r = tan i A sin AZ = tan J A sin {s - a) 

= tan i 5 sin (« - S) = tan i C sin (s - c). (1) 

(Art. 44 (4).) 

Again, tan i A sin {s - a)is readily transformed into a 
symmetric function of the sides by substituting the value 
of tani^ given in Art. 33 (7). 

/I 
Hence tan r = -; — . (2) 

sins ^ ^ 

Similarly, by substituting the value of sin (s - a), given 
in Art. 33, Ex. 6, we have 

, sin i 5 sin i (7 . 

tan r = r—: sm a. (S) 

cos I -4 ^ ' 

Hence, by Art. 36 (12), 

*^^ ^ ■" 2cosi-4cosi^cosi(7' ^^^ 

an equation which is equivalent to the following : — 

cot r = ^ [cos S + cos {S-A) + cos {S-B) + cos {8 - C)]. 

(6) 

(Art. 77, Ex. 8.) 
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79. The Ex-circles. — To find the angular radii of the 
ex-circles of a triangle. 

Since the circle escribed to the side a is the iii-circle of 
the colunar triangle, the parts of which are a, ir- by ir - c. 
Ay ir-By n- Oy the problem becomes identical with that 
of Art. 78 ; and the value of ra is got by substituting for 
by Cy By Cy 11x011 supplcmeuts in the five equations given in 
that Article. 

We thus arrive at the following results : — 

tan ra = tan ^Asms (1) 

n 



sin (« - a) 



(2) 



COS iB 008^ C . ,oN 

- sma \o) 



oosiA 

N 



2 cosi ^ sin i ^ sin i C 



(4) 



cot ra =5-^ [- cos S - COS {8-A) + cos (S- 5) + cos (/S- C)]. 

(5) 

(See Art. 77, Ex. 9.) 

The student may also verify these equations by methods 
similar to those employed in Art. 78 for the in-circle. 

80. The colimar triangles on the sides b and c have 
each two parts, b and By c and (7, equal to parts of the 
primitive, while their remaining parts are the supple- 
ments in the former case of a, c. Ay Cy and in the latter, 

of tty by Ay B. 

The values of the radii rj and re are therefore found in 
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the way shown for ra\ or they may be obtamed from the 
values of r^ by appropriate interchanges of letters. 

Thus 



and 



tann = -i—: rr, &C., 

sin (« - b) 

tan Tc = -: — ; :, &C. 

sm(s-cj 



Examples. 

1. Prove the following : — 

cotn : cotra : cot rs : cot r = sin (« — a) : 8m(« — 6) : sin (« — c) : sint. 

2. tan r tan ri tan r% tan r% = »>. 
cot r tan r\ tanra tan rs = sin' «. 
tanr cotn tanra tanrs = sin' (« — a), 
tanr tann cotra tanrs = sin' (« — d). 
tanr tann tanra cot rs = sin' (« — e). 

3. cotr sin « = cot ^ ^ Qot\B cot ^ C 

4iVsinfi^ 

4. tann + tanra + tanrs — tanr = — 



sin ^ sin ^ sin (7' 



42V 
[For 2 (tan ri) - tan r = -^ — 7—: — » . ^ , multiplied by 
"■ ^ ' sin^sin^8iu(7 

(sin^^ co8^£ C08}(7+ . . + ...— sin}^ sin^£ sin^(7)]. 

2C0S/S' 4 8in4a8inii sini<; 

6. cotn + cotra + cotrs — cotr= r=— = = = . 

N n 

(Of. Art 77, Ex. 10.) 

sin a sin ^ sin c 

6. tann • tanra : tann = ; z '» v. ^ • r~. W 

l+COB-4 l+cosi? l+cos(7 

^ taniH + tanra + tann -tanr 2jytanfi^ 

7. 



cotn + cotra + cotn -cot r sin ^ sin i^ sin C7 

= J (H- cos a + cos 3 + cos «). 

[By ExB. 4 and 6. See also the value of tan /S on combining the results 
in p. 67| Ex. 4, and p. 74, Ex. f 8.] 
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8. What are the corresponding theorema in piano of Ex8. 4 and 6 P 

Ana, n -k- Ti -k- ti — r Bz i£, 

1111^ 

--»-- + = 0. 

ri r2 rz r 

o .,.,,..,..« 2 (1 — cos a cos ^ cos c) 

9 . cot* Ti + cot' t'i + cot* rji + cot' r ■= — i 1. 

fi* 

-^ 1 1 1 I 2cosa sinisintf 

Bm*r sin'ri sin*ra sin'rj «* 

(Gf. Art. 77, Exs. U and 16.) 

11. cot r2 cot rz + cot rs cot ri ± cot n cot ra + cot r (cot ri + cot rj ± cot r») 

sin b Bine + sin <; sin a ± sin a sin b 



«« 



(Art. 77, Exs. 12 and 13.) 



12. tanrj tanrsH- tanr^ tann^ tann tanr2 + tanr(tanri + tanrs± tanri) 

esgin&sin^ + sin^sina ± sinasind. 

[Since tan n tan rs = sin « sin («-«), and tan r tan ri = 8in(«-&)sin(«->0), 
therefore, &c.] 



Section II. 
The Circumctrcks. 



81. The Circamelrele. — The small oirole passing 
through the vertices of a spherical triangle is called the 
circumscribing or circumcircle of the triangle. It is like- 
wise the oiroomoirole of the given chordal triangle^ an4 its 
pole is the intersection with the sphere of the lin^ joining 
the centres of the sphere and circle. 

By reasoning analogous to Euo. IV. v., the pole of 
the circumcircle may be obtained by bisecting the sides 
at right angles by arcs of great circles. These arcs concur 
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at a point S (fig. 32), the pole of the circuincirole of the 
triangle ABC [Art. 19 (10)], and AH ^BH^ CH = By 
the angular radius of the circle. 




Fig. 32. 

82. If a point be equidistant from three given great 
circles, it is obviously equidistant from the poles of those •.. 
circles ; and if r denote the common angular distance in ' 
either case, 90 - r-is the common anguiir distance in the 
other. 

In the former case the point may be^garded as one of 
the four poles of the in-circles of th^triangle and its three ' 
colunars formed by the great circles; in the latter it is* 
one of the poles of the four circumcircles to the polar tri-*^' 
angle and its three colunars. Hence— 

1°. The pole of the in-circle of any triangle is the pole of' 
the circumcircle to the polar triangle. 
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2°. The radius of the in-drck of a triangle is the com:- 
pkment of the radius of the circumcirck to the polar tri- 
angle. 

And, more generally — 

The radii of the in-oircle and three ex-circles of a 
triangle are the complements of the circumradii of the 
polar and its associated triangles. 

Hence it follows, that if the radius of the in-circle be 
given in terms of certain known parts (e.g. a, S, c) of a 
triangle, the radius of the circumcircle of the polar tri- 
angle (and therefore of any triangle) is also given as a 
function of the corresponding parts (e.g. A, B, C) of that 
triangle. 

Thus the equation of Art. 78 (2), 

tan r = -; — , 
sins 

transforms directly into 
cot ic = — 



rr — A + rr-'B + ir- 
sin 



-^ 



2 

for the polar triangle. Hence we have generally for any 

triangle 

, -. cosS ~ 

J tan H = zr=r-. 

V . . "^ 

Similarly, the remaining values for tan r given in 
Art. 78 may be transformed into analogous results, 
which hold generally for the radius of the circumcircle 
of any triangle. 

Also, from the values given in Art. 79 for the angular 
radii of the ex-circles may be deduced corresponding 
values for the circumradii of the associated triangles. 
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On account of their great importance, and the frequent 
use made afterwards of the different forms of the value of 
tan Ry they are made the subject of discussion in the next 
Article. 

Examples bn Fig. 32. 

1. Prove that the angles BCH^ CAH, and ABH^ are respectiyely equal 
to -8f--4, 8-B^ and-8f- C. 

2. Haying given of a triangle the base e and 8~ Cf find the locus of the 

vertex. 

[The pole of the circumcircle is fixed ; therefore, &o.] 

Analogue in piano is, *< given the base and vertical angle," &c. 

3. Having given one side and the sum of the angles ; fijid the locus of 
the vertex of the colunar triangle on the given side. 

[Let 28' denote the sum of the angles of the colunar triangle ; then, since 
8 •\- 8' = ir ■\- Cf the problem reduces to that of Ex. 2]. 

4. The point (fig. 10) is the pole of the drcumoircle of the colunar 
triangle on the base AB. 

6. The triangle formed by joining the middle points of the sides is sup- 
plemental to the one whose vertices are the poles of the circumcircles of the 
associated triangles. 

6. li 8f 8if 82, 8i denote the sums of the angles of a triangle and its 
three colunars ; prove that 

8-\-8i'\-82 + 8i = Zfr, 

7. The circumcircles of the colunar triangles intersect the circumcircle 
of the primitive at angles supplemental to those of the given triangle. 

8. Prove that if Hi, H%, JTs denote the poles of the circumcircles of the 
colunar triangles, 

4. rrrr • i 8in-4 

tan MMi sm 4 a = . .^ — .„, . ,^ — — , 
' w[i{8~B)sm{8-C) 

with similar expressions for tan SH2 and tan SS^. 
[For if X be the middle point of the side a, 

tan EX s= tdn {8 " A) an i a, and tan SiX a - tan /5 sin ^ a. 
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^ X ^^ .1 taii{8-A)--t&n8 

Hence tan HSi = sin f ; r-=T — r — ^ — 77; — 77 = «o., 

by Art. 36]. 

9. tan HHi : tan HH2 : tanlTlTs 

s cos i sin (S-A) : cos ^ & sin {8— B) : cos 1 sin {8^ C). 

10. The angles subtended at H by the sides of the triangle ^i^2J?s are 
the supplements of the angles of the chordal triangle. 

[For the angles SHC, CHA, AHB are double the angles of the chordal 
triangle. See Chap. vui.]. 

83. To find the angular radius of the circumcircle of a 
triangle. 

From fig. 82, 

tanAZ ,0 ^ 

te^25 = ~«(^-^- 

Henoe 

, P tan^a tan ^6 _ tan|c .^. 

00s [8 -A) ' cos{8-B) ° oo8(S-C7y ^ ^ 

(Cf . p. 76, Ex. 36.) 

Again, 

tan^a 

008 {8 - A) 

may be transformed into a symmetric function of the 
angles, by substituting for tan i a its value given in 
Art. 36 (11) ; therefore 

tajii2 = -^. (2) 

(Cf. Art. 82.) 

Now, 

cos (S - ^) 1 

^^ — ^ — - = - cot i 6 cot i (J. 

COS o 

(Art. 36, Ex. 6.) 
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Hence, by substituting in (1) this value of cos {8 - -4), 
we get 

COS S 

(Cf. p. 76, Ex. 36.) 

Also (by p. 75, Ex. 31), 

cos (S- A) = jr J — . , , . . ; 

2 cos $asinf6sm$c 

therefore, from (1), 

n 
or, by Art. 77, Ex. 10, 

tan i2 = ^ [sin («-a) +sin(«-6) + sin(«-c)-sin«]. (5) 

84. Circnmcirde of Colnnar Triangles. — To 

find the angular radii of the drcymdrcles of the three colunar 
triangles. 

Let i2i, Bif Ri be the angular radii of the cireumciroles 
of the colunar triangles on the sides a, by c, respectively ; 
then, since Si is the circumradius of a triangle of parts 
a, IT - 6, IT- c; Ay tt - jB, it - (7, we have, from Art. 83, 

tan i2. = - *?54?. (1) 

coso 

. „ cos(S-^) ,Qv 

tan Ri = — ^— — \ (2) 

, _. tan i a cot i 6 cot i c ,qv 

tanjKi= r-^ jr . [o) 

cos {8- A) 

, -^ 2 sin ^ a cos ^ 6 cos ^ c ... 

tan xti = • ( 4 ) 

n 
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tan iJi = ^ [sin s - sin (s - a) + sin (5 - 6) + sin (« - c)]. (5) 

(See Art. 77, Ex. 11.) 

Also, 

_ tan i 6 cos (8 - B) ^ 

tan iJa = V = ^^1^ = «o., 

cosS -AT 

and 

tan i c _ cos (S- (7) 

COS/8 iV 



tan Ba = ^ = ^-t;^ = &0. 



Examples. 

1 . Prove the following : — 

tan Ri : tani^a : tan R^ = cos (/S^ - A) : cos {S- B)\ cos (5 — C). 

2. cot R cot 2^1 cot R2 cot i^a = iP. 
tan R cot i^i cot Rt cot JSs = cos' 8. 

cot i? tan i?i cot J?a cot iJa = cos* (8 — -4), 

&c., &c. 

3. (a) tan i?i + tan i?2 = cot r + cot rj. 

0) tan i^i + tan JZa + tan i^a - tan i2 = 2 cot r. 

4. tan iZ + cot r = tan R\ + cot n = &c. 

= J (cot r + cot n + cot rj + cot ra). 



O) cot2r + cot*ri + cot*r8 + cot'r3 = 



2 (1 — cos a cos ^ cos c) 



»« 



(Art. 77, Ex. 16 a.) 
, . tan2i? + tan2i?i + tan2J?3+tan2J?3 , i l^ oa ^ ^ ^ 

^^) cot*r + cot'ri + cotV2 + cotVa = ^^ ^^' ^^' ^^^ ^'^ 

6. («) tan'i2+tan'J?,-tan»J2a-tan«J?a--— ^'^^'^''^ 



0) cot' r + cot' r\ — cot* ra - cot' rs = 



2 cos sin 3 sin 



n' 



, tan»-B+tan'5i-tan' J?2-tan'-B3 cos-4 

cot' r + cot' ri — cot* ra — cot' ra cos a * 

(Vide Art. 77, Ex. 15a, and Art. 36, Ex. 2.) 
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7. .^^^=tan}fttan}«. (Cf. Art. 36, Ex. 6.) 
tan^i 

8. In an equilateral triangle, tan i2 = 2 tan r. 

9. Construct an equilateral triangle in a given small circle. 

[By Art. 83 (1), cot } -4 = Vs cos -B ; therefore, &c. Or thus :— 

sin i a =s sin jS sin 60^ » —^ sin i2.] 

10. Construct an equilateral triangle about a given small circle. 
[From Ex. 9, or otherwise, we have at once 

tan ^ a = Vs sin r, &c.] 



Section III. 

Angular distances of the pole of the circumcircle from the 
poles of the in-circle and ex-circles of a triangle, 

86. Lemma, — It will he necessary, before proceeding to the discussion of 
the problems in this section, to prove two propositions which we shall 
have occasion to make use of hereafter. 

(1). (cotr + tan2i)2=-— (8ina + 8in*+Bin<j)2-l. 

(2). (cotri-tani?)»=--; (8in* + sin<j-8infl)«-l. 

To prove (1) :— By Art. 78 (2), and Art. 83 (4), 

^ - sinl(a+& + (;) + 2sinlasinJ3sinl0 

cot r + tan £ = 

n 

sin ^0 sin }3 sin }<; + sin }a cos ^bcoa^ £ + .•• + .. . 

n 

sin } a cos } (3 — <;) + cos } a sin } (ft + c) 

n 
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Hence, on squaring and multiplying numerator and denominator of the 
right-hand side of the equation by 4, we get 

(cotr + tanJ2)» = 



(1 — cos a)(l+ cos J - <?) + 2 sin a (sin J + sin c) + (1 + cos a) (1 — cos * + <?) 

which on reduction becomes, by the aid of Art. 30, 

(cot r + tan -B)* + 1 = r—j (sina + sin i + sin «)* ; 

sin a sin ji 
or, since = ^^ , (Art. 36, Ex. 2.) 

(cot r + tan i2)» + 1 = -^ (sin^ + sin J? + sin C7)». 
To prove (2) :— By Art. 79 (2) and Art. 83 (4), 

cot n - tan 5 = ^^^ii^+^'^)-^^^^i^^^i^^i<^ 

n 

= etc., etc., as in (1). 
Similarly, (cot rj - tan B)'^ = — j (sin c + sin a - sin i)* — 1 , 

and (cot rz - tan J2)' = -— r (sin a + sin * — sin c)' - 1 . 



Exercise. 
Prove the relation — 



y/i + (cot n - taniJ)* + \/l + (coira-tani2)« + v^l + (cot rs -tan B}^ 



s=\/l + (cotr + tani2)2. 

86. Expression for the angular distance between the poles 
of the circumcircle and in^circle in terms of the radii of 
the circles. 

Let H and be the poles (fig. 33) of the circumcircle and in-circles of 
the triangle ABC; OZ and HZ' secondaries to the side AB, 
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Now AZ^ 8-a and AZ* = \c] therefore Zlff = \{a- b). Let 8 de- 
note the angular distance H0\ then (p. 103, Ex. 14), 



Also, 



cos 5 = sin JJ^' sin 0Z+ cos HZ* cos OZ cos J (a - h). 



OZ^r; co%EZ' 



COB It 

cosi^<; 



, and sin EZ' = sin J2 sin (/S^ — (7). 




Fig. 38. 
Therefore, by substitution, 

• -n • ' /a n\ . •» COS i (» — i) 

cos 5 = Sin -B Bin r sm (tf - C) + cos U cos r ^-^ '- ; 

coBj^e 

or, by Delambre's Analogies, p. 98 (3), 

• r. • • /« ^v T» sm^iA + B) 

COB 5 = sin-K sin r sin (5 - C) + cos i2 cos r ^ , ^ ■ 

cos J C 

_ . (-coaSemiS - C) 2 cos J -4 cos J 5 sin J (-4 + ^)) 
= co8-Bsmr | — + -^ j, 



which reduces to 

COB 8 s= cos J2 sin r 



( 



[Art. 83 (2) and Art. 78 (4).] 
sin-4 + sin^ + sin O 



2iV 



')■ 
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Hence, by Art. 85 (1), 

cos' 5 =» cos' 5 sin' r { (cot r + tan J2)« + 1 } 
= cos« J? sin' r + cos' (J2 - r).* 

87. Expressions for the angular distances between the poles 
of the circum- and excircles in terms of the radii of the 
circles. 

Let (h be the pole of the excircle to the side c (fig. 33), and let HOz = 83. 
The secondaries, HZ' and O3Z", will meet at P the pole of AB ; and since 
AZ" = a-b, ZZ" = J (« - *) ; then, in the triangle FHOs, 

cofl^Js -= cos (90 + rz) sin HZ* + sin (90 + rs) cos HZ cos J (a - *) ; 
or, by substitutions similar to those made in the preceding Article, 

. ■» . / o, ^v ^ cos i (a — i) 

cos $8 = — sin rs sin J2 sin (/S - C) + cos rs cos 22 



s cos £ sin 



cos i c 
cos8am{S-'C) 2sinJ^8inJ5sinJ(^+P) 



(C0SiS'sm(i8^-C) 2sinJ^8inJ5smJ(^+^)) 
mr,| j^ + -^^ J 



Therefore, by reduction, we get 

cos 22 sin ra ... , ^ . ^, 
cos S3 = --— — (sin A ■{■ smB -smC); 

or, by Art. 86 (2), 

cos' 83 = cos' 22 sin'rs {(cotra- tan22)' + 1} 

= cos' 22 sin' rs + cos' (22 + rs). 

Similarly, cos' B2 = cos' 22 sin' r% + cos' (22 + rz), 

and cos' Bi = cos' 22 sin' ri + cos' (22 + ri). 



* This relation (since ft is independent of the parts of the triangle) affirms 
that when two circles are so related that a triangle can be inscribed in one 
and circumscribed to the other, an infinite number of such triangles can 
be constructed. It may therefore be easily deduced from the particular case 
in which one side of the triangle passes through the pole of the circum- 
circle. 

C 
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1. Prove that 



Examples. 



(1) 8m2 8 =8m2(JB-r) - cos^JR sm^r. 

(2) sm2 5i = sin' (iJ + n) - cos* R sin' n. 

(3) sin* 52 = sin* (JB + ra) — cos* R sin* r2. 

(4) sin* 83 = sin* [R + ra) — cos' i? sin* ra. 

2. What theorems in piano are analogous to those of Arts. 86 and 87 ? 

Am, i>2 = J22-2JRr. 

Bi^ = i2* + 2 JRn, etc., etc. 
cos 8 sin + sin ^ + sin « 



3. Prove the formula 



sin r sin i2 4 sin J sin ^ ^ sin ^ «' 



Section IV. 
Dr. Hart* 8* Circle. 

88. On the sphere, as on a plane surface, a circle may he descrihed touch- 




Fig. 34. 



* Now Sir A. S. Hart, Vice-Provost, Trinity College, Duhlin. 
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ing the inscribed and three escribed circles of a triangle. The spherical 
properties of this circle have been described by Dr. Hart and Dr. Salmon in 
the Quarterly Journal of Mathematics, yol. yi., p. 67 : an independent proof 
of its existence and a few of its properties are here given. 
Let N" (fig. 34) be the pole of the supposed circle of radius p ; then the arc 

NO^p-r, NOi = p + n, NO2 = p + r2, N(h = p + ra. 

Now since in the triangle NOzOz a point A is taken in the base, 

cos {p + r^) sin -4(?3 + cos {p + ra) sin ^^2 = cos Alf sin O2O3 

(by Art. 40.) 
Similarly for the triangle ANOiy and the point in the base, 

cos AN sin 00\ + cos (p + r\) %mAO — cos (p - r) sin AOi, 

Hence, by eliminating cos AN from these equations, 

cos (p + ri) sin -40 sin OiOz + cos (p + r^) sin AOz sin OOi 

+ cos (p + ra) sin -402 sin OOi = cos (p - r) sin ^Oi sin O2O3. 

This equation transforms directly into 

^ sin AO sin O2O3 , . sin BO sin O3O1 

C08(p+ri)-: . ^ ^ -V C08(p + r2) . p, • ^ .. 

^ 'sm^0i8m0203 sin -502 sm O3O1 

, sin CO sin O1O2 

+ eo8(p-|-r3) . . ^^ =cos(p-r), 

sm OO3 sin O1O2 

by dividing it by 2n of the triangle 0\ O2 O3, and remembering that 

sin -402 •• sin Oi O2 : : sin CO : sin OOi, etc., etc. 
Hence 

cos (p + ri) sin r cos (p + r2) sin r cos (p + rs) sin r 

: -I : 1 : = COS (p — r), 

srnri sinr2 sinrs ' 

or 

cos p (cot ri + cot r2 + cot ra - cot r) = 4 sin p ; 
but 

cot fi + cot rz + cot rs - cot *• = 2 tan ij ; (Art. 79, Ex. 6. ) 
therefore 

2 tan J2 = 4 tan p ; 
or 

tan p = i tan £. 

This shows the existence of a circle touching the in- and three excircles of 
a triangle, since we get a real value for the radius p.* 



♦ The above method of showing the existence of a circle touching the 
in- and excircles of a spherical triangle suggests an analogous deduction of 
the corresponding theorem in piano, 

C 2 



20 On the Circles related to a Triangle. 

89. Analogpoas Theorem in Piano. — ^The formula tan p = | tan R 
becomes on a plane p = } J?, or the radius of the **nine''point8^* circle of a 
triangle ie one-half the radius of the circumeircle. 

90. To find the angular distances of the pole of Dr. Harfa 
Circle from the vertices of the given triangle. 

From the triangle NOz Oz (fig- 34), by aid of Art. 40, we have 

COB [p + r2) sin ^Oa + cos (p + rs) sin AO2 = cos AN an O2 Os. (1) 

Also by Art. 65 (1), it follows that 

sinra sin ^03+ Bint's sin ^0} = -; — sinOaC^ (2) 

sma 

[See Art. 36, Ex. 2 (a).] 
and Bin^(72 : Bin^(^ = sinr2 : sinr^. (3) 

Dividing (1) by (2), and substituting the ratios given in (3) ; therefore 

cos (p + ra) sin ra + cos {p-\-rz) sin fa __ sino cos AN" 
2 sin ra sin ra "^ 2ft 

Performing the division on the left-hand side of this eqxiation, we have 

co8-4i\r= — : — - [cot ra + cot ra — 2 tan p] 
sina *• "^ 

- [sin(«-d)+sin(«-(;) — Ssin^asin^dsin^r.] 



Hence 



sin a 

[Arts. 79 and 83 (4).] 



J *^ cos i b coB^ e 

COB -4iV = = z =— COB p, 

cos^a 



with similar values for cob BN and cos CN"^ 

Example, 
cos AN : cofi 3N : cos CN=s sec^} a : sec^ } b : sec' } e. 



Dr. Barf 8 Circk. 21 

91. The tangents t^ t^^ ^s, from the vertices af a triangle 
to Dr. Harfs Circk are given hy the equations 

a be 

cos h cos - = cos - cos - ; 
2 2 2 

b e a 

cos h cos - = cos - cos - ; 
2 2 2 

e a b 

cos tz cos :r = cos - cos - ; 
2 2 2 

where a, &, are the sides of the triangle. 

For cos AN = cos p cos t\, 

TT " coaJtiV cos i ^ cos 1 / * _^ a/v v 

Hence cos ^1 = — * = = — ; — ^—. (Art. 90.) 

cos p cos } a 

92. To find the angular distances of the points of inter- 
section of the circle with the sides from the vertices of the 
triangle. 

Let A. and /a be the distances on the side e from the yertez A ; then the 
equation 

cos AN sin (0 — A.) + cos JSN sin A. — cos p sin <;, (1) 

expanded as a quadratic for tan } A., will have for its roots the values of 
tan ^ A. and tan ^ /i. (Of. Art. 43.) 

Suppose t = tan -, the equation (1) readily transforms into 

sin e (cos AN + cos p)t* + 2 (cos AN cos e — cos BN) t 

- (cos AN— cos p) sin <; = ; 
the roots of which, on reduction, are 

— cos AN COB <; + cos BN± (cos AN— cos BN) 



t = 



sin c (cos AN-\- cos p) 

— cos AN(\ + cos c) + 2 cos BN cos AN (1 — cos e) 

sin e (cos ^iV + cos p) * sin c (cos AN-\- cos p) ' 
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or by putting in the values of cos AN and cos BN given in Art. 90, 
we have 



cos 4 a — cos h h cos i e 

tan J ^ = ^ , . . , i-, 

cos J A sm J <j 

cos J ^ sin } 

tan * M = ; — ; rr ^i — • 

cos J a + cos J cos J <? 



(2) 



93. 2b find the intercepts made by Dr. Harfa Circle on 
the aides of the given triangle. 

From Art. 92 (2), we have directly the value of tan J (\ - /li) in terms of 
a, bf e. 

Otherwise thus : — 




Let^^C be the g^ven triangle (fig. 35), iVthe pole of Dr. Hart's Circle, 
a a perpendicular on AB from N", NX = NY = py the angular radiujs of the 
circle, and XT the intercept made by the circle on the side e. 

Then, by Art. 90, 

cos ^b Qo^\c K 

cos^ \ a 



cos AN= = ; =— cos p = T-r— , 



COS \a 

where Jr= cos } a cos ^ ^ cos \ e cos p, with similar values for cos ^iVand 
COS CN, 

Also, by p. 38, Ex. 3, 

sin' c cos* a = coa' AN + cos* BN - 2 cos AN cos BN cos e ; 
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or, by substituting the values of cos AN and cos BN given above, 

,« r 1 1 2(l-28in24c)n 

sin' c cos* a = JT* + ^ 

[_cos* J a cos* J ft cos* J a cos* J ft J ' 

which gives, by reduction, 

. « « C08*i « C08*i ft cos* J e cos* p (C0S*i a - C08*i ft)* . „ 

sin* e cos* a= 2^ tt ^iV ^-^ + 8m*ccos»p ; 

cos* J a cos* J ft 

dividing this equation by sin* e cos* p, and transposing the last term, 



cos* 



a __ (co8*^g--cos*^ft)* 



but 



Hence 



cos* p 4 cos* J a cos* J ft sin* J tf * 

- 1 = sec* JZr- 1 = tan* JZF. 



2 



COS'^p 



2 COS ^ COS i^ ft sin i^ 

94. Analogpoas Theorem in Piano. 

cos ft '-' COS a 



Since tanJZr = 



4 cos i^ a cos } ft sin i^ « ' 



in a plane triangle the intercepts made by the *' nine-points '* circle on the 
sides a, ft, <; of a triangle are, respectively, 

b'i-.c^ ^-«3 a2-fta 



2a * 2ft ' 2e ' 

95. To find the angles of intersection of Dr. Harfs Circle 
with the sides of the given triangle. 

From fig. 35, the angle of intersection of the circle with the side c is 
obviously the complement of NXY or of NTX. 

Let e^NXY; 

then tan J XY <& tan p cod $. 

Substituting the values of tan | XY (Art. 93) and tan p (Art. 88) in this 
equation, we have 

cos ft ^ cos a n 



4 cos ^ a cos} ft sin^c'sin^a sin^ft sinj^ 



= cos $. 
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TT ^ 2« (co8 & '-^ COS a) cos & '-^ cos a . ^ 

Hence -, — . .,. \ = . sin C= cos d, 

sina8md(l— cos(;) l-coso 

which reduces easily hy the aid of Ex. 33, p. 76, to the form 

cos e = sin (-4 - ^) ; 

or — the angle between Br, Harfa Circle and a side of the triangle is equal to 
the difference of the angles of the triangle adjacent to that side ; and the same 
result is known to hold hetween the '' nine-points " circle and the sides of a 
plane triangle. 

Example. 

The sines of the angular distances of the pole of Dr. Hart's Circle from 
the sides of the g^ven triangle are proportional to 

cos (B - C)y cos {C - A)y cos {A - B). 

NoTBS. — Expressions have heen obtained in Art. 92 for the values of the 
angular distances from the vertices of the given triangle of the points of in- 
tersection of Dr. Hart's Circle with the sides. These formulae may also be 
proved from the equations 



and 



, , , cos^a - cosii cos4c ,,. 

tan jA.tan*/ii- f f- ?-, (1) 

coaia + coa^d coB^c 

c^\ ^ e - u cos 1 3 - cos 1 « cos ^ a 

tan --- tan — -^ = ^ f f-, (2) 

2 2 cos i d + cos } cos i a ^ 



these equations being obtained by the use of Arts. 43 and 91. 
Or thus : by Art. 93— 



and, as before, 



\ — u cos a ~ cos d ,«. 

tan = ; (3) 

2 4 cos i^ cos i^ ^ sin J ^ 

1 . , cos Itf-cos ^^ cos I0 . . 

tanjA.taniu = ? f-j f-; (4) 

cos Ja + cos f 6 cos ^ 6 



and the solutions of either set of simultaneous equations (1) and (2), and 
(3) and (4), for tan } A. and tan ^ /u, are here left as Exercises for the 
Student. 
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Also, by using the theorem of Art. 43, and writing down the values of 
A. and fi already obtained, and the corresponding values of A.' and fi made 
by the circle on the side b measured from A, we find that 

tan ^\ tan J = tan | \' tan J b, (5) 

and 

tan I ft* tan ie=^ tan } fi tan J b. (6) 

From (6) it follows, as in piano, that ** the extremities of any side and a 
pair of corresponding intersections of Dr. Harfs Circle on the other two sides 
are coney die V 

Again, from (6) we have in piano /a': fi = b : c, or "a chord of the 
* ninc'points^ circle is parallel to the base.** 

Miscellaneous Examples. 

1. Prove that 

cot r + cot ri + cot rz + cot rs = 2 tan It, 

cot r — cot ri + cot ra + cot rs = 2 tan Bi, 

&c &c 

(Cf. Art. 80, Ex. 5.) 

2. The angular radius of the incircle being 45° ; prove that the triangle 

formed by joining its points of contact with the sides is in all respects, save 

position, the polar triangle. 

[Apply Art. 82, (1) and (2).] 

3. Prove that 

(a) tan B + tan Bi + tan £2 + tan i^s = 2 cot r 
0) tan -B - tan -Bi + tan 52 + tan J?8 = 2 cot n, 

&c., &c. 

4. Prove that 

tan i ^ sin (« — a) = tan } A tan } £ tan ^ C sin « 

^ K 

2 cos i ^ cos ^B cos^ G' 

{Queen's Univ. Exam. Papers.) 
6. In any triangle, 

tanr _ cos {8 - A) cos {8 - B) cos (8 - C) 
tan B" 2 cos J -4 cos J -B cos J C ' 

and write down the analogous result m piano. 

r 
Ans. — = 4sini^8in^Bsin}C. 
B 



26 On the Circles related to a Triangle. 

*6. Having given the base (0), and the sum of the base angles of a tri- 
angle ; prove that the length of the arc of the great circle perpendicular to 
the base at its middle point, and intercepted by the bisectors of the vertical 
angle, is of constant value. 

[Let the arc meet the internal and external bisectors of the vertical angle 
in M and Ny and the base in P; then, by Art. 55 (2), we have 

2 cos J (fl - i) tan MPr= tan rs — tan r, (1) 

and 

2 cos J (» + *) tan NF = tan ri + tan r2. (2) 

Hence, since tan MN = tan {MF + NF)y by substituting the values given 
in (1) and (2), we get, with the aid of Gauss' formulae, 

-.M-^T 2 sin id 

tan MN= -7-7-3 — ^ — ttt^- 
8m(^+^) cos^JC-" 

7. Prove the following : — 
cot (* — b) cot («—«) + cot (« — e) cot (« — «) + cot (« - a) cot (a — J) = cosec* r. 

sin' 8 . sin « 



[For cosec' r = 1 + — 5- = 1 + -r 



«' sin (» — a) sin (* — i) sin (a — e) 



wa.8 — a-\- 8 — h ■¥ 8 — e ^ ^ _ 

= 1 + -r—. r— r— ; .. , , r ; etc., etc.] 

Bin (« — a) sin (« — 0) sin (* — <?) 

8. cot (« - h) cot (a - c) — cot 8 cot (a - i) - cot a cot (a - c) = cosec' ri, 
cot (a - c) cot {8^ a) — cot a cot (a — <?) - cot a cot (8 — a) — cosec* r2, 

etc., etc. 

[Similar to Ex. 7.] 

cot (a - a) cot (a -"^i) cot (a — c) 2 cot a 
sin* ri sin* r2 sin* rs sin* r 

= 3 cot (a - a) cot (a — i) cot (a - c). 



* Analogous theorem in piano : — -: — 7 = -: — = = -t-jl = diameter of the 
® sm^ sin^ amC 

circumcircle. 
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1 0. cosec* r\ + cosec* r2 + cosec* rz - cosec* r = 

- 2 cot » {cot (* - a) + cot («-*) + cot {s - c)}. 

[Apply Exs. 7 and 8.] 

1111 -22taii(»-a)taii(*-*) 

sin^r sin' ri 8in*r2 sin^ra taii*taii(«— a)taii(*— i)taii(a— d)* 

[From Ex. 7, 

taii(* — a) tan(«-i) tan(«— c) cosec'r = tan (a — a) + tan (« — i) + tan (« — <?) ; 

and by Ex. 8, 

tan 8 tan (« - *) tan («-<?) cosec* ri = tan a - tan (« - i) - tan (« - <?), 

with similar values for cosec* rz and cosec' ra ; therefore, &c.] 

^N cos a 
12. cot 5 — cot ^1 — cot i?2 - cot i?3 = 



n 



[For cot -B - cot i?i -...—... = cot -B { 1 - tan R (cot i?i +... + ...) } 
which, by Art. 84, Ex. 7, 

.^/, X 1TX 1 \ cot i2 COS* ^ ^ _ 

= cot iZ (1 - tan * i tan *«-...-...)= — ^ 77 r- = etc., etc. J 

^ cos fa cos ^6 cos }<; ^ 

13. If 8 be the angular distance between the poles of the incircle and 
circumcircle of a triangle, r and R their angular radii ; prove that 

seo^ R sec' r sin^ 8 = tan^ i? - 2 tan i2 tan r. 

(London Vhiv, Exam, Papers.) 

[Apply Art, 87, Ex. (1).] 

14. In a plane triangle, the distances of the centre of the incircle from 
the centres of the excircles are — 

a h c ^<^'"^T^>>^ 
• .y^' \ 1 f '^ 

cos \A^ cos ^ ^ cos J C ' / > - '- ^ / 

and the distances of the centres of the excircles from each otli^'ai^i^^- L <fo V- ~ 

« ^ g . \ - .\ . V A^i 

sinj^' sinJ-B' sin J C ' 

state and prove the analogous results on the sphere. 

(London Univ. Exam, Fapera.) 
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CHAPTER VII. 

AKEAS. 

Section I. 

Area and Volume of a Sphere. 

96. It has been assumed in Art. 8 that the area of 
a sphere of radius r is 47rr*. As the areas of spherical 
figures are of prime importance in the practical appli- 
cations of Spherical Trigonometry, we shall devote the 
present Chapter to their determination, and to the develop- 
ment of formulae expressing the areas, or functions of the 
areas, of figures as functions of their parts. The demon- 
strations given are those generally adopted in text-books 
on the subject, but in many cases simple and direct geo- 
metrical deductions are also appended. 

Definitions: — (1) A plane cutting a sphere divides 
it into two parts, having circular bases (Art. 9). These 
parts we propose to call circular segments of the sphere ; 
and in speaking of the segment which any plane cuts off 
we shall, unless otherwise stated, refer to the smaller seg- 
ment. The more general term, segment of a sphere, we 
reserve for a portion of a sphere cut ofiE by any surface 
other than a plane. 

(2) The cone joining the centre of a sphere to any 
figure on its surface contains a portion of the sphere which 
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we call a sector. If the figure be a small circle, the cone 
will be a right circular cone, and we term the sector a 
circular sector. 

Reference to Fig. 1 will show how a circular segment 
and a circular sector may be generated. The segment 
out off by the small circle CC^ is generated by the revo- 
lution of the segment CAC of the great circle CBC 
round the axis AD ; and the sector cut out by the cone 
joining to the circle OC" is generated by the revolution 
of the sector OCA of the great circle ACB round the axis 
OA. 

97. Area of a Circular Sesment of a Sphere. — 

Let PAB be a great circle of radius r passing through P, 
the pole of the segment cut off by the small circle AB. 




Fig. 36. 



Let M and N be two points very near to each other on 
the circle PAB ; MX and NY perpendiculars on OP ; and 
MD a perpendicular on NT, Now, if the arc PB be 
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Section II. 

Areas of Triangles. 

100. Problem, — To find the area of a spherical triangkj 
having given the three angles. 

Let ABC (fig. 37) be a spherical triangle, and let the 
sides BA and CA meet the side BC again in ff and (7^ 




Fig. 37. 

It is evident that the triangle ABIC is equal in every 
respect to the triangle ABC^ whioh is the oolunar of 
ABC on the side BC. For AC ^-k-AC^ ACT, and 
AB - TT - AB = AB^ and the angles at A and A are 
equal. 

Hence ABC + ABC = lune ACAB = 2Ar''\ (Art. 8.) 
also ABC + ABC - lune ABCB! = 25r»; 

and ^.BC + ABC = lune (75(7'^ - 2 Cr». 
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By addition, we get 

2 ABC + area of hemisphere = 2r^ {A + B ^ (7), 
or ABC + 7rr» ^ r" {A-¥ B -^ C)\ 

therefore 

Area of ABC - (^ + 5 + (7 - 7r)r' = Er", 

where E is the spherical excess ; that is, the excess of the 
stun of the angles of ABC over the siuu of the angles of 
a plane triangle. {See concluding paragraph of Art. 29). 
Cor, — The areas of the oolunar triangles are — 

(7r + ^-5-C7)r% (7r+5-(7-^)/^, {7r+ C- A- B)r^, 
or {2A-E)r\ (25-i?)r^ {2C'-E)r\ 

Note. — The equality of the areas of the triangles AB*G' eaidA'BCiB 
evident, from the consideration that one is diametrically opposite to the 
other ; and hence, to every element of one will correspond an equal element 
of the other. Also the triangles suhtend equal solid angles at the centre of 
the sphere. These triangles, although not capahle of direct superposition, 
can he divided into triangles which are capable of supeiposition, by joining 
the poles of their circumcircles to the vertices of the triangles. 

101. Problem. — Given the base and area of a spherical 
trianaky to find the locus of its vertex (Lexell). 

Ii?this case, since we are given the area we know the 
sum of the angles, or 8, Hence, referring to Art. 20, 
Ex. 5, it follows that the locus of the vertex is a circle, o^ 
which (fig. 10) is the pole. The point is the pole, 
of the circumcircle of the colunar triangle on the base 
AB. In piano it is removed to infinity, and the locus 
becomes a right line parallel to the given base. 

Again, since is the pole of the circumcircle of the 
colunar on AB\ and since OAB (= tt - /S) is given, is 

D 
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fixed, and the vertex C of the oolunar describes a small 
circle passing through A and B ; but since C is diametri- 
cally opposite to C\ it follows that C describes a smaE 
circle passing through the points diametrically opposite 
to A and B. (Cf. Art. 82, Ex. 8.) 

Examples. 

1. If ^1, Ei, Es denote the spherical excesses of the coltinars on a, b, e, 
respectively, show that 

E+Ei + JB'2 + ^8 = 2ir; 

and therefore the sum of the areas of any triangle and its colunars is half 
the area of the sphere. 

*2. Show that the area of a spherical triangle is to that of half the snr&ce 
of the sphere on which it is described as the spherical excess is to four right 
angles. 

{a) Af Sf C are three angular points of a cube inscribed in a sphere, no 
two of the points being on the same edge of the cube ; show that the area of 
the spherical triangle ABC is one-fourth of the area of the sphere. 

[The chordal triangle is equilateral, and its side 

= ^^. Hence sin i « = J|, and^ = |^ ; therefore, &c. 

(Art. 27, Ex. 8.) The angle between two sides, being the angle between 
the planes joining the centre to the diagonals of two faces meeting at comer, 
is easily seen by symmetry to be 120°.] 

3. Find the area of an equilateral triangle, each side being 60° on a 
sphere of 6 inches radius. 

[By Art. 27, Ex. 8, sec -4 = 3 ; 

therefore A « 70° 31' 43f". E^ 31° 36' lOf" ^ 113711". 

113711 
Hence Area = ^^„^„, 36 »= 19*845 sq. inches.] 

20626O ^ ■* 

4. The area of a triangle, each of the sides of which is a quad^nt, is 
one-eighth of the surface of the sphere. 



* .e 
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*5. If the 8um of one pair of opposite angles of a variable spherical 
quadrilateral inscribed in a small circle is constant, the area remains con- 
stant. [Cf. Art. 19 (4).] 

102. In Chapter IV. we have seen that when any three 
parts of a spherical triangle ore given, the triangle can be 
completely solved. We may therefore find the area from 
the formula, Area = Er^^ when the angles of the triangle 
not included in the data have been first determined. 

We proceed to show in the following Articles how to 
calculate the area, having given — 

(1) The three sides ; 

(2) Two sides and the included angle, 

without resorting to the direct calculation of the value of 
each of the angles. 

103. ProMem* — To find the area of a spherical triangle^ 
having given the three sides. The object here is to express 
E in terms of the sides. 

I. Cagnolfii Metliodt — 

sin J JB = sin i (-4 + -B + C7- ir) 
» sin J (-4 + 5) cos J ((7- ir) + C0S i (-4 + 5) sin i ((7- tt) 
«= sin i (-4 + 5) sin i C - cos J (-4 + B) cos J C 

sin i C cos i^C r ,, ,. ,, i\-i fA^ ciA\ 







cos i 


C L^ 


;uD a ^** vy — \j\ja ^ y 


U-TVyj V- 
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sin^a sin 


^ & sin 


C Bm^asmib 


2n 








cos 


n 


cosic 


sin a sin 


b 




2 


cos i a 


cos \ h 
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Examples. 

1. Given a = 46*» 24', b = 67** 14', e = %V 12'; find the area of the 
triangle, the radios of the sphere being r. 



n 



therefore 
therefore 



log sin 4 ^ = log r -. ^-^ ^. 

2 cos ^ a cos i cos ^0 

X sin }^= 9-4518482; 

E = 32' 63' = 118380"; 



Area = 



118380 



r2. 
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2. Given a = 108** 14', h = 75° 29', c = Se** 37'. 

^»M. ^ = 48** 32' 34-6". 
8. Given a = 67'' 17', h = 20* 39', e = 76** 22'. 

Ans, J? = 5M1' 24-6". 
4. Given a = 63° 64', 3 = 47** 18', e - 53° 26'. 

Ana. E = 24° 29' 49 J". 

II. lihuilier's IHethod. — Lhuilier obtained the fol- 
lowing expression for tan J E : — 

siniU + -B+ C-tt) 



tanj JSf = 



cos i (-4 + J? + C - tt) 

sin ^{A + B) - sin i (tt - C) 



^^H^B*^ 



COS i (-4 + J5) + COS i (tt - 0) 

sin i (-4 + jB) - cos i C • 

cos i (-4 + J?) + sin i (7 

cos i (flf - 6) - cos J c cos i C 
cos i (a 4 6) + cos 5 c' sin i (7 



(Art. 64.) 



sin i (g - i) sin i (g - a) j sin g . sin (g - c ) 
cos i s cos i (s - c) \ sin (« - a) sin(s - 6) 

v/tan 5« tan J (« - r/j tan i (6* - Z») tan J (.<< - c). 
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104. Oeometrlcal Methods. — Beferring to Art. 20, 
we see that if X, F, Z be the middle points of the sides 
of a triangle, AL a perpendicular from A on XY; then 
(fig. 38) ^D = J (^ - ^)» i-D = i TT - 7 where y = ZF, 
and LAD = tt - S = i (tt - ^). 

Therefore, since 

COB i AD = cot 2) cot LAD, 



we have 



sin J c = cot D tan i JB. (1) 




Fig. 38. 

This equation shows that if DP be taken equal to i c, 
and a perpendicular PQ be drawn to AD at P ; then 

PQ = iE. (2) 

Again, since 

sin DL = sin ^D sin LAD, 
we have 

cos y = cos J c cos J JB; 
and, therefore, 

DQ = y. (3) 

Thus the sides of the triangle PQD are i c, J ^, and y, 
respectively. 
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Therefore, from it we find 

. , «, . . T^ . sinAL any anCN 

sinijB = sin7smx> = sm7 r— = — ' — r 

' ' cos i e cos i 

sin i a sin ^ i sin C' n 



cos^c 2ooB^aoos^6ooBic' 

Cor. — Since 

cos DQ = cos PQ . cos PD, 
we have 

cos i JS cos I (; = cos 7 => COS i a cos I i + sin I a sin ^ ( cos C. 

105, Problem. — To find the area of a tpherieal triangle, 
having given two iidea and the included angle. 

From the triangle PQD (fig. 38), we have 

cos 7 « cos I c cos ^ Ef 

and, by the foregoing, 

6in^aBiniismC' = cosi(;sini£; 

therefore, by division, we find 

cos^aoosi^ + sm^asmtDcosC/ ^ ^ 

the denominator in this expression being equal to cos 7. 

Again, since 

LAD = i (ir - H), 
we have 

LAT^ 8 - A ^ iir ' {A - i H), 
and 

tan^i = tan^D cosi-42) = tan-4FcosZ-4F; 

that is, 

cot I ^ sin I JS = tan ib ^{A- iJE); 

therefore 

sin (A-iS) 



sin iE 



cot ib oot ic. (2) 
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When two sides and the included angle are given, E may 
be calculated by means of either of the formulae (1) or (2) 
of this Article. They are not, however, in a shape suit- 
able for logarithmic computation, and the use of a sub- 
sidiary angle becomes necessary. (See Art. 76.) 

Remark. — ^If we denote the spherical excesses of the 
oolunar triangles on the sides a, i, c, by ^i, E^j J?3, re- 
spectively, we have 

El = 2^ — Ej E% = ^B — JSr, E^ = 2C/ — Ej 

and the equation (2) becomes 

sin^J^i 



sin^J? 



scot^JcotJc. (3) 



1. 
2. 



Examples. 

sin } ^1 soi^Ei sin J JSs sin } ^ 

tan } a tan \ b tan | e tan } a tan ^ b tan ^ #' 

sin } El sin }l^a _ sin J ^3 sin J J? 
taniSi ~ tani?i tani^a tanJS 



106. The formula for sin ^ J? deduced in Art. 104 leads 
to the expression obtained in Art. 97 for the area of a 
drcnlar segment of a sphere. Consider a small triangle 
formed by drawing two great circles through the pole P 
of the segment, very close to each other, meeting the 
circular ba.se of the segment in a very small arc AB, 
The area of the triangle PAB is very nearly the same 
as if AB were an arc of a great circle, and, by taking 
AB very small, the difference is infinitely diminished. 

Hence, 

. , _, sin i a sin i 6 . ^ . _ - . ^ 

sm t -B = i sin = sm" 4 o x sm C7; 

cos i c 
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or J since E and C are ver j smally we have 

-B = 2 Bin' i a . C. 

Supposing the area of the segment to be made up of an 
infinite number of such triangles, we have its area equaL 
to their sum ; that is, 

2 JEP - 2r» sin* ^ a 2ir 
= 27rra (1 - cos a). 

Examples. 

1. What is the analogous formula inplano-^ 

(1) To Gagnoli's theorem ; 

(2) To Lhuilier's theorem ? 

An8. (1) A = ibetdjiA = V »(»-«)(«-*) («-«); 
(2) A = V«(«-a) («-*)(«-<?). 

2. If C7 be a right angle ; prove that 

. . _ sin ^ a sin ^3 

sin J ^ = ?— T — £-, 

cos J 

cos f e 

3. Find the area of a spherical triangle in terms of the arcs o, 0, y 
joining the middle points of its sides. (See fig. 38.) 

[From the triangle, PQD, sin^^ = sin7 sinD; hut sin D = sin ZX 
sin ZXT, since ZJ) = 90'' ; therefore, if a + fi + y = 2(r, we have 

sin J ^= sin iS sin 7 sin X = 2 V sin (t sin ((T - a) sin (o* — iS) sin ((T - 7)]. 

4. Ji aoi bfi, ey denote the angles between a and a, b and 0, e and 7^ 
rjBspectiyely ; prove that 

.A . ^ . A . .A 
Bmosmaa = smi98mi36aBm7sm7« 

=: 2n of triangle XYZ= sin ^ £. 



Approximate Formulae, 41 



Approximate Formulae. 

107. If the sides of a spherical triangle he very small com" 
pared mth the radius of the sphere on which it is described^ 
its area is approximately equal to the area of a plane triangle 
having sides of the same length. 

This may have been already anticipated hj the student 
from the results proved in Art. 29. For we have proved 
there that 

where A is the area of a plane triangle whose Bides are 
equal in length to those of the spherical triangle ; and 
-4', J?', (7' its angles. 
Therefore 

r^ 
or -Br*= A, since -4' + JB' + C = tt. 

This result may be obtained directly from Lhuilier's for- 
mula for tan | ^, as in the closer approximation of the 
following Article, or from Cagnoli's or other formula 
fori?. 

108. If r, the radius of a sphere^ he very large compared 
with the lengths a, /3, y of the sides of a triangle described 
upon it; to show that if ^he the area of a plane triangle^ 
having sides a, /3, 7, the area of the spherical triangle is 
approximately 

a» + /3* + y 



(- 



^'^-^ 24r» 
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We have 
tan \E- y/tan J« tan J (s-a) tan i («- i) tan J [s-c). 

But 4 « = 7- — '- ; 

4r 

therefore, if we write a + /3 + 7 = 2(7, we will have 
« = - - a very small quantity. 

And 

tani« 1-5 ^ . 

1 1 ^ 

■^"8 8r» 



' 2r\- 24r'JV^'*'8r'j 2r l,^ "^ 12 r* j ' 



therefore 



i^=A /i, <T'+(«T-ar+(^-iar+(a-7)' 

^r'V 12*^ 

Henoe, 

109. Rey's Rale. — The area of a spherical triangle on 
the Earth^s surface being knoumy to establish a formula for 
computing the spherical excess. 

Let A be the area of the triangle ; then we have the 
equation 
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but if n be the niimber of seconds in the spherical excess, 
we have 



206265 ' 
therefore 



A^ 



nt* 
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Now, the length of a degree on the Earth's surface is 
found to be 365155 feet: thus, 

Substituting this value of r in the former equation, we 

find 

log w = log -4 - 9-3267737, 

where A is expressed in square feet. 

This formula is called Q-eneral Eoy's rule, as it was 
used by him in the Trigonometrical Survey of the British 
Isles. He gave it in the following form: — ^^ From the 
logarithm of the area of the triangle^ taken as a plane one^ 
infeety subtract the constant logarithm 9*3267737; and the 
remainder is the logarithm of the excess above 180°, in 
seconds^ nearly!^ 

110. Reductloift of an Angle to the Horizon. — 

Given the latitudes and the angular distance between two 
placeSy to find the difference of their longitudes if their 
latitudes be very small. (Gf . Art. 27, Ex. 10 ; and Ex. 14, 
p. 103.) 

Let Z be the pole (fig. 39), a and b the places ; Aa and 
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Bh are the latitudes X and X^ of the places, and AB is their 
difference of longitude. If ab = 8, we have 




cos AB = cos Z = 



Fig. 39. 

COS 8 - sin X sin X' 
cos X COS X' 



(1) 



This gives the exact value of AB. An approximate value 
may be obtained by assuming it equal to 8 + ^, where x is 
essentially small. 

Hence, by (1), cos (8 + a;) = ^ ^l (y + y^) 

or (cos8-a?sin8) [1 -i (X» + X'*)] = cos8-XX'; 
therefore 

a? sin 8 =» XX' - i (X' + X'*) cos 8, nearly ; 

2XX'- (X» + X'«) (cos' i 8 - sin' i 8) 



and 



X = 



2Bin8 



-J[(^ + ^')'tani8-(X-X7coti8]. 

If AOB be the plane of the horizon, a and b two objects, 
the angular distance between which is measured by an 
observer at 0, the above correction, x, applied to 8, wlil 
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give the horizontal angle AB. This process may be 
used in surveying, and is called, reducing an angle to the 
horizon. X^^^Bc 

Section III. l>;l^?'^^^'^^^Jv^ 

Areas of Polt/gons — Maximum Areah^ ' v ' '<^^y 

111. Area of a Polygon. — Saving given the sum of 
the angles of a spherical polygon^ to find its area. 

Let S denote the sum of the angles of the polygon, and 
n the number of its sides. Take any point within the 
polygon, and join it to all the angular points ; the polygon 
is thus divided into n triangles, and its area is equal to the 
sum of the areas of the triangles 

= (2 + 27r - wtt) r* = |2 - (w - 2) tt} r* = ^i^, 

where -B, the Spherical Excess of the polygon, denotes the 
excess of the sum of the angles of a spherical polygon 
over that of a plane polygon of the same number of sides. 
Cor. 1. — The area of a spherical quadrilateralis 

Cor. 2. — If a quadrilateral be inscribed in a small 
circle, A-¥C = £ + D; and hence the area of a cyclic 

quadrilateral is 

2{A + C-Tr)r\ 

112. Area of a iluadrilateral. — The corollaries of 
the foregoing Article determine the area of a spherical 
quadrilateral, when the sum of its angles is given ; and of 
a cyclic spherical quadrilateral, when the sum of a pair of 
opposite angles is given. 
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If, however, the sides a, by Cy dy and diagonals S, S^ of 
any quadrilateral be known, its area may be determined 
from the equation 

. J, (sin^g sin |8'+co8^co8}g— 008^^008^(8111 }8 sin }y-co8^co8 ^cofl|> cos jd ) 

4 COB ^0 006 i& cos ^0 008 i^ 

where E is the spherical excess of the quadrilateral. 

A simple proof of this equation is given in Chap. XIII., 
Sec. II. 

Cor. 1. — When the quadrilateral is cyclic, we have 

BiniSsin^S' = sin^0Bin^c + sin^6sin^6?, 

and the above formula becomes 

. ,, — sinJ(«-fl)sini(«-J) sinj(«-c)sinj(«-d) 

sm' i -flf = 1 f-T i rj 9 

^ cos t a cos i cos i c cos $ a 

where 2« = fl + 6 + c + rf. 

Cor. 2. — When the quadrilateral is circumscribed to one 
circle and inscribed in another, we have the additional re- 
lation a-hc - b + dj and hence, 

sin'^£« tan^a tan^ft tan|c tan^(/. 

Maximum Areas. 

113. Problem. — Saving given two sides of a spherical 
iriangky to determine when its area is a maximum. 

Let AB and AC (fig. 38) be the given sides ; then the 
triangle LAD gives 

cos LAD «B tan AL cot ADy 
or 

sin ^ £ = tan AL tan | c. 

Now, when A « 0°, we have also AL = 0° and £ » 0*^ ; and, 
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as A increases from zero, AL increases, and sin ^ JS in- 
creases ; but obviously the greatest value AL can have is 
i b ; and in this case, since LAB = 8j we have 

A^8^B+C, 

and sin i £ = tan ^ b tan i c. 

Now E may have any value between 0^ and 27r, and 
sin ^ ^ cannot be greater than unity. Hence we have 
the following cases : — 

Case I. — 6 + c<7r. 

In this case, tan i{b + c) is always positive, and there- 
fore tan i b tan ^ c is less than unity. Hence, sin ^ £ is 
always less than unity, and reaches its maximum value, 
tan i b tan i c, when AL ^ ib; or when 

A'B+a 

Hence the area of the triangle is a maximum, when the 
angle between the given sides is equal to the sum of the 
other two. 

Cor. 1. — In this case, the pole of the circumcircle is at 
the middle point of the side BC; B and C are thus diame- 
trically opposite points on it ; the chordal triangle is there- 
fore right-angled at Ay and its area is also a maximum* 

Cor. 2. — The area of the colunar on BC is one-fourth 
the area of the sphere, or irr*. 

Cor. 3. — ^As A increases beyond the value which gives 
the maximum area, the area of ABC diminishes to zero 
when A^^iTy and the colunar on BC is half the area of 
the sphere. 

* Se«» further, Chap, viii., on the Chordal Tiiangle. 
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Case IL — b + c = tt. 

In this case, tan ^ h tan i c = 1, and E increases as AL 
increases, up to its maximum value, ^ i, in which case 
sin i ^ = 1 ; 

or ^ = 7r--4--B+(7. 

(See Art. 24.) 

Thus the area increases as A increases, up to its extreme 
limit, ABC^ being throughout equal to the colunar on BO^ 
each finally being one-fourth the area of the sphere. 

Case III. — h + c> tt. 

In this case, tan ^ h tan ^ c is greater than unity ; and 
since sin J E cannot be greater than unity, AL can never 
be so great as i 6, but will reach the value given by the 
equation 

tan AL tan i c == 1, or AL = i (tt - c). 

AL will then diminish (^ E at the same time increasing 
beyond i tt), until it again becomes zero, when J ^ = tt ; 
that is, when the area of the triangle is half the advea of 
the sphere. 

It is thus clear that the area of the triangle ABC has 
no real maximum value when 6 + c > tt, but increases 
imtil the triangle loses its form, and becomes a great 
circle or hemisphere. However, the colunar triangle on 
BC satisfies the condition of Case I. and is of maximum 
area, when 

Cor. — The area of ABC in this case is Try**, and increases 
from this value to 27^r^ 
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Examples. 

1. Deduce the above results from the equation 

sin J -E = sin J Ei tan J b tan J c. 

2. When two sides of a triangle are given, and its area a maximum, the 
arcs joining their middle points to the middle point of the base are per- 
pendicular to them, and each meets the opposite side in the pole of the 
other. 

3. If the area of a spherical triangle is one-fourth the area of the sphere, 
the middle points of its sides are the poles of the circumcircles of its co- 
lunars, and the arcs joining the middle points of its sides are quadrants. 

114. If a string of given length be laid in any manner 
on the surface of a sphere, and its extremities joined by 
an arc of a great circle, the area of the figure thus formed 
is a maximum when the string is in the form of a semi- 
circle. 




Fig. 40. 



Fig. 41. 



Fig. 42. 



Join A and.S (fig. 40), the extremities of the string, to any 
point C on it. By supposing AC and BC to remain 
constant in length, and the areas AMC and BNC to be 
rigidly attached to them, we can increase the area of the 
triangle ABC\ and therefore of the whole figure, by 
making C =^ A + B^ and therefore the curve AMCNB 
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must be such that tke triangle formed by joining A and B 
to any point C on it will satisfy the condition C = A +B ; 
that is, it must be a semicircle, of which the middle point 
of AB is the pole. 

Cor, — If the ends of the string be united, the area of 
the figure it forms on a sphere is a maximum when it is a 
small circle, for each half of it must be a semicircle. 

115. Theorem. — If the sides of a polygon be giverij its 
area is a maximum when its vertices lie on a circle. 

For suppose the polygon to be inscribed in a circle 
(fig. 41), and let it be distorted (fig. 42) so as to take 
another shape, the portions of the area between the sides 
and the circumcircle remaining rigidly attached to them ; 
then the new figure will have the same perimeter as the 
original, and will therefore be of less area (Art. 114, Cor.) ; 
but the' portions on the sides are the same in both ; there- 
fore the new polygon is less in area than the original. 

Cor. — When the sides of a quadrilateral are given, its 
area is a maximum when the sum of one pair of opposite 
angles is equal to the sum of the other pair. 



Miscellaneous Examples. 

1. Prove that 

l+co8fl + co8i + co8tf cos'Ja + cos' Ji + C08'Jc- 1 

cos i £= :; T-; — = ■ ; — ; ; . 

4 COS ^ COS ^ COS ^ 2 COS ^a cos^b coB^e 

[cos 7 = cos J c cos J ^ (fig. 38). Cf. Art. 106 ; and p. 67, Ex. 4.] 

2. Prove that 

. J , _ __ sin ^ < sin ^ (< - a) sin J (* - b) sin J (« - c) 

cos i a cos i b cos ^ e 

[Apply Ex. 1.] 
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3. PpoTe that 

2 COB J 8 cos J (« - a) cos J (* — i) cos J (* — <?) 

COB I x» — 1 1 . 1 ' • 

coe ^ a COS } o cos ^ « 

4. From Examples /2 and 3 deduce Lhuilier*8 Theorem. 

6. Deduce Lhuil%er*8 Theorem^ from Ex. 1, and the formula 

, _ 1 - cos J ^ sin ^ ^ 

* sinj^ ' 1 + cosJ^ 

6. Show that 

sin(e7-J£:)= — 



2 sin ^ sin ^ & COB } (!* 

[Apply Art. 103 to colunar; and cf. p. 75, Ex. 31.] 

7. Show that 

.^ , -r^ 1 + cosc — cosfl— cos* - _ 

C08(C-J^= -7—r-i r-^-T =- = COS J ^3 

4 Sin § Sin ^ cos \e 

_ COS* \e — COS* J a - cos* J A + 1 
2 sin ^ sin ^ d cos ^0 

[Cf. Ex. I. This relation is obviously identical with that o^ Ex. 1, 
applied to the colunar triangle on the side e. See also p. 75, Ex. 29.] 

8. Prove the relations 

V 

*'^' "^ *' sm^0Bm}dcoB^(; 

[These relationB can be derived from Examples 2 and 3, applied to the 
colunar on 0.] 

9. Prove that if ^1, ^, ^3 be the spherical excesses of the colunar tri- 
angles on the sides a, b^ e, respectively, 

tan^(<-*)tan^(j~c) 

tan' tJii = — ■ ' . — 7 — TT \ — 9 

* tan J» tani(»-a) 

with similar expressions for £% and S^^ 

E2 
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10. Hence, show that 

cot J^tanJ^i tanJ^2tanJ^8 = cot2 J«, 
tan J -E cot J -El tan J ^2 tan J ^3 = tan* J (« - a), 
tan J ^ tan J .El cot J ^2 tan J JBs = tan* J (» - *), 
tan J ^ tan J -El tan J -Ej cot J jEa ■= tan* J (» - c). 

(Cf . form with Art. 80, Ex. 2.) 
•11. Prorethat 

Vain ^Emi\E\sm\E2 sini Ez 

J91II j ^ ^ * ~ — « 

2 sin ^ ^ sin } ^ sin ^ (7 
[Supplemental to CagnolVs Theorem. See also Exam. Taper xii., Ex. 2.] 

12. If the sum of the angles of a triangle be four right angles ; prove 
that 

cos* } fl + COS* J A + COS* J c = 1. 

[Apply Ex. 1.] 

13. If two sides of a triangle, a and b, be supplementjEiry, prove that the 
spherical excess is equal to the included angle C\ and if ^' denote the 
spherical excess of the polar triangle, prove that 

sin j^ .E' 3= sin cos } C. 

(Science and Art Exam.) 

[-4 + -B = », by Art. 24 ; therefore E=^C. Also, -E' = tt - c, and 
cos e = - cos* a + sin* a cos C, and cos ^ ^ = sin ^ E'."] 

l\. Show that 

sin* hE- ^^"^ ^ jg sin ^ -gi sin ^ jg2 sin jTEs 

cot ^ cot ^ ^ cot ^ 

[Apply Art. 106 (2).] 

15. Two spherical triangles have equal vertical angles, and are such that 
the products of the tangents of the halves of the sides about the equal angles 
are equal to one another ; prove that the areas of the triangles are the same. 

(See Art. 105.) 
What does this theorem degenerate to on a plane ? 

(Eue.^ VI. XV.) 

% ■'■■ • I .. - .-.. - ,.,,,■■■ ■ , ,,, 

* Hence the area of the polar triangle in terms of the angles of the primi- 
tive triangle. 
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16. Through one of the vertices of a triangle draw an arc of a great 
circle, hisecting its area. 

[Let the arc he drawn through the vertex C, meeting the hase in a 
point C. Apply Art. 106 (2) to the triangles '-4 CC" andjJCC^. The arc 
CC divides the hase into segments, the sines of the halves of which are in 
the ratio cos \ a : cos \ h]. 

17. Through a given point on a side of a spherical triangle draw an arc 
of a great circle, cutting off a given part of the triangle. 

[Art. 106 (2) gives the point where the arc meets another side; there- 
fore, &c.]. 

18. If a, fi, y he the radii of three small circles, which touch each other 
at A'B'C ; and ii A, B^ C he the poles of the circles, show that the 

area A'B'C = (-4 cos a + 5 cos jB + C cos 7 - ») r». 

[The area of AB'C is to the area of the segment on which it is situated 

as ^ : 2ir ; therefore 

^-B'C7' = ^r2(l-coso). 
Similarly, 

BC'A' = J?r2 (1 - cos iS), and CA'B* = Cr* (I - cos 7) ; 

therefore, &c.]. 

19. If two sides of a spherical triangle he given, and its area a maxi- 
mum, the arcs drawn perpendicular to the sides at their middle points pass 
through the middle point of the hase. 

[For the middle point of the hase is the pole of the circumcircle.] 

20. If the area of a spherical triangle he one-fourth of the area of the 
sphere, the arcs joining the middle points of its sides are quadrants. 

(London Uhiversity,) 
[The triangle DFQ (fig. 38), shows that 



, _, cos 7 cos fi cos a T 

cos * JSp « ; — = ^-r = i— . 

COS J tf COS Jo COS J a J 



21. If the area of a spherical triangle he one-fourth the area of the 
sphere, show that the hisector of a side is the supplement of half that side. 

[The middle points of its sides are the circumcentres of the colunar tri- 
angles, since in each of them we have, hy the given condition, the vertical 
angle equal to the sum of the hase angles.] 
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22. Giyen the base and area, show that the arc joining the middle points 
of the sides is constant ; and if it is a quadrant, then the area of the tri- 
angle is irfS. (See fig. 38.) 

23. What relation connects the area of a triangle with the sum of the 
sides of its polar triangle? 

24. Two circles of angular radii, a and /9, intersect orthogonally on a 
sphere of radius r ; find in any manner the area common to the two. 

{London University,) 

[Let A and B be the angles subtended at the poles of the circles by their 
common chord, M and N their conmion points, 9 the distance between 
their poles; then, if a; be the common area, we haye 

sector AMN + sector BMN =■ quadrilateral AMBN + x ; 
therefore 

ir + (-4 + 3-w)r» = -4r» (1 -cosa) + .Br»(l -cosiB); 

or x^(it — A cos a — 5 cos jB) r*. 

Af B are determined from the equations 

sin a = sin 8 sin } ^, sin i3 = sin 9 sin | ^, cos 9 = cos a cos /9.] 

25. Find the surface of en equilateral and equiangular polygon, and the 
yalue of each of the angles when its area Ib half the surface of the sphere. 

{Cambridge Exam. Papers.) 

26. If J? be the spherioal excess of a triangle ; proye that 

\E = tan \ a tan \h w3iC-\ (tan \ a tan } d)' sin 2 (7 + &c. 

r.-«. -, , « tan ^ a tan \b %mC 

[We have tanj^«r 2_^ -r-z ;=; 

•• * 1+tanJatan JicosC* 

J •* u * X sin a 

and if we have tan x — 



1 + X cos a* 
then a? = «» + Asin a- Jx^sin 2a + }A.'sin3a - 

See Todhunter*8 Plane Trig., Art 298.] 
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CHAPTER VIII. 

THE CHORDAL TRIANGLE. 

116. Frequent reference has already been made to the 
chordal triangle, or the triangle formed by the chords of 
the sides of a spherical triangle. We shall now point out 
some of the relations which exist between the parts of a 
spherical triangle and its chordal triangle. 

We shall denote the angles of the chordal triangle by 
A\ ff, C\ its sides by a\ b\ c'\ and if r be the radius of 
the sphere, we have 

Ok = 2r sin ^«, 6' = 2r sin ^6, c' •= 2r sin ^c. 

117, Problem. — Having given the sides of a spherical 
triangle, to determine the angles of the chordal triangle. 

By Plane Trigonometry, 

a'^^b'^'\-(^*-2b'coosA\ 
Dividing both sides of this equation by 4r*, we find 
sin*^a = sin'^6 + sin'^c - 2sin^i sia^c cobA\ 

Hence 

J, 1 + COS a - cos b - cos c 

cos A = -r—, j-r— ; , 

4 Bia-^b sm Jc 
or, 

with similar values for cos B" and cos C\ 

Referring to the third of the Miscellaneous Examples of 
Chap. III., it will be seen that this expression for cos A' is 
identical with that for the cosine of the arc joining the 
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middle points of the sides of the eolimar triangle on the 
side 05, and we maj conclude, therefore, that the angles of 
the chordal triangle are respectively equal to the arcs 
joining the middle points of the sides of the colunars on 
the sides opposite to them — a relation which may be 
proved geometrically, as follows : — 

118. The angles of the chordal triangle are, respectively ^ 
equal to the arcs joining the middle points of the sides of the 
colunar triangles. 

Let ABC (fig. 43) be a spherical triangle, the centre 
of the sphere, and C" the point diametrically opposite to 
C; ManiN the middle points of C'A and C'B. Then 




N 

Fig. 43. 

OM is parallel to -4C, since they are both perpendicular to 
AC\ Similarly, ON is parallel to BC. Therefore the 
angle MONoi the arc MN\s equal to the angle C of the 
chordal triangle. 

Eef erring to Pig. 10, Art. 20, it will be seen that is 
the pole of the circumcircle of the colunar on AB^ and that 

A0B = LM=2XY; 

that is, the angle which any side of a triangle sub- 
tends at the pole of its circumcircle is double of the arc 
joining the middle points of the sides of the corresponding 
colunar, or (by the foregoing) double of the corresponding 
angle of the chordal triangle. 
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This may be proved independently, as follows : — 

119. The angle subtended by a side of a triangle at the 
pole of its eircumcircle is double of the corresponding angle of 
the chordal triangle. 

Let H be the pole of the eircumcircle ; then the planes 
of the great circles AH and BH are each perpendicular 
to the plane of the eircumcircle ; and therefore the angle 
between them is equal to the angle which the side AB 
of the chordal triangle subtends at the centre of the cir- 
cimicircle ; that is, is double of the corresponding angle of 
the chordal triangle. 

Cor. 1. — When C = -4 + 5, the chordal triangle is 
right-angled at 0. For AB passes through the pole of 
the circimicircle, and therefore subtends an angle tt at it. 
Hence (7' = J tt, as is obvious, since A and B are diametri- 
cally opposite points on the eircumcircle. 

Cor. 2.— 

cos A' = cos J a sin [8 - A), 

cos B^ = oosib sin {8 - jB), 

cos C = cos i c sin (S - (7). 

[These values follow at once by dropping perpendicu- 
lars from H on the sides of the triangle.] 

120. Problem. — Having given two sides and the included 
angle of a spherical triangle^ to find the corresponding angle 
of the chordal triangle. 

Since C is equal to the arc MNj joining the middle 
points of the sides of the colunar, we have at once 

cos C" = sin J a sin J 6 + cos J a cos ^ b cos C ; 

with similar values for cos A' and cos -B'. 
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No difficulty will be found in identifying tixeoe values 
of cos A\ cos -B', cos C with those given in Art. 117. 

121. If the sides of a spherical triangle he small compared 
with the radius of the sphere^ to find the excess of an angle of 
the spherical triangle over the corresponding angle of the 
chordal triangle. 

Let 9 denote the excess ; then 

cos -4' = cos (-4 - 0) -> cos ^ + sin ^, nearly. 

But by Art. 120, 

cos -4' = sin' i (J + c) - sin' i (J - c) 

+ [1 - sin' i (J + c) - sin' \[b- c)] cos A. 
Therefore 

sin ^ = sin' J (J + c) (1 - cos A) - sin' i (J - c) (1 -f cos A) ; 
from which we find 

d = tan 5 A sin' J (J + c) - cot i -4 sin' i (J - c). 

This expression gives the circular measure of the excess 

as a function of two sides and the included angle. The 

value in seconds is obtained by dividing by the circular 

measure of one second. 

Cor.— 

sin ^ = cos i a sin (S - -4) - cos A. 

[For cos -4' = cos -4 + sin ^ = cos i a sin (S- A). 

(Art. 119, Cor, 2).] 

Examples. 

1. If Ai, Bu Ci ; A2t B2, Ci ; Az, B3, Cs ; be the angles of the chordal 
triangles of the colunars, prove that 

cos^i^cos^asini^, cob Bi = an ^b an {S-C), C06(7i= 8m^esin(5 — 3), 

cofl^a=8in}a8m(5~ (7), cos ^2 = cos ^& sin ^, cos t72 = sin}0 8in(iS— ^), 

cos ^3 =s sin} a sin (5 — ^), cos^3 = sin}&sin(5-ui), 6o8C3 = cos}0 sin/8^. 
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2. Prove that 

sjn (^^ - J^) _ sill (^ ~ B) 
sin C sin C 

(London Univ. Exam. Papers.) 

3. Using the notation of Ex. 1, show that 

COB A\ : CO! B2 : cos Cz ^ cos \a : cos \h : cos ^0. 

4. If one of the arcs joining the middle points of the sides of a triangle is 
a quadrant, the others are quadrants ; and hence, if the chordal triangle of 
one of the colunars is right-angled, the chordal triangles of the other colu- 
nars are right-angled, and the mid(Ue points of the sides of the original 
triangle are the poles of the circumcircles of the colunars. 

6. Show, hy Ex. 4, that if one of the colunar triangles is the greatest 
that can he constructed with its two sides, the other colunars are also of 
maximum area. 

6. If C=A-^B, prove that 

cos C= — tan Ja tan ^b. 
[The chordal triangle is right-angled at C] 

7. If two sides a, & of a triangle he given and the area a maximum, show 
that the arc joining the middle points of the sides is given hy the equation 

cos a + coab 
cos^a cos^b 

8. In the same case, show that the third side, c, is found from the equation 

2 cos^ ^<; = cos a -)- cos b. 

9. Show that the sum of the three arcs joining the middle points of the 
sides of the colunars is equal to two right angles, the sides of the original 
triangle being regarded as the bases of the colunars. 

[They are equal to -4', B', C\ respectively.] 

10. Prove that 

C0B»iasin2iS + sin2J*sina(-8'- C) + sin* J« sin^^- B) 

+ 2 cos \a^Ti.\b sin Jc sin S sin i^S - B) sin {S— C) = \- 

[See Ex. 1, and remember that 

1 - cos^^' - cos*^' - c08« C" - 2 cos A' cos B^ cos C = 0]. 
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11. Prove that 

V* /1+C08«-C08 J-C08tf\' _ /1 + C08tf — C08 5-C08C\ , ., » ,« 

(Educational Ttmea.) 

12. Prove that 

8in»(5-^)co8«}a + 8m2(-S'--») co8«}* + 8in'(5'-0 cos'Jtf 

+ 2cos}a 008^^ cos Jc Bm(5'— -4) mi.(S- B) 8m(/S- C) » 1. 

13. Prove that 

(a) 8m}6cos^'+8m^0 cO8^=8m}0. (Ait 117.) 

(iS) Bin^A COB J^ sill (S—B) + 8m Jd C08ia8m(^ — ^) =8111^0. 

14. What is the analogue in piano to Ex« 13 (iS) P 

Ans, e ^ b COB A + a COB B. 

15. Having given the base and the arc joining the middle points of the 
colunar on the base, the circumcircle is fixed. 

[For the vertical angle of the chordal triangle is given.] 

16. Prove the equation 

wn^b an^e 8in(i$ — ^) + cos^b cos^^sinS^s cos^a. 
[sin ^e cos B^ + cos J & cos C3 = cos }a (Ex. 1).] 
17* Prove the relation 

OCOS^ COS^ COS C7 = . ^— . — - — ; — ^ . 

sin ^ sin ^ sin C7 

18. If ^ + J + C= 2ir, prove that 

(a) cos* Ja + cos' J ft + cos* Jc = 1 . 

($) cos C = - cot Ja cot Jd. (Cf . Ex. 6.) 

19. Solve the equations 

sin 6 costf 8inZ+ sine cos 6 sin F= sino, 

sin e cos a sin X+ sin a cos « sin Z = sin ft, 
sin a cos ft sin Z + sinftcosa sin J[ ^ sin^. 
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[Let 2a, 2hy 2e be the sides of a spherical triangle, then 

. ^ 1 + cos 2a — cos 2b — cos 2c 

flmZ= r-:— 1— ^ > 

4 sin 6 sin c 

with similar values for T and Z.] 

20. Show, by applying Art. 119, Cor. 2, to the colunar triangle, that 

\ cos a cos jS cos 7 



oos^a cos^^ cOB^c 



= sin^, 



where a, )3, 7 are the arcs joining the middle points of the sides. 

21. "What is the geometrical interpretation of Ex. 17 ? 

Ans. If one angle of a spherical triangle be equal to the sum 
of the other two, the chordal triangle is right-angled. 
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CHAPTER IX. 

CONCUREENT ARCS AND CONCYCLIC POINTS. 

122. Conditloii that Tbree Ares through the 
ITertlees of a Triangle should be Coneurrent. 

If three arcSy OAy OB^ 00^ drawn from a point to the 
vertices of a triangle, meet the opposite sides in points A\ S, C\ 
and divide them into segments ai^aj; bx^b^; Cx^c^, respectively j 
we have the relation 

sin ai sin bi sin Ci 



sin 02 ' sin bz * sin C2 



= 1; 



and conversely — if points -4', ^, C divide the sides of a 
triangle into segments connected by the above relation, the arcs 
AA\ BB^j CG' will meet in a point.* 




^1 C "c'^ C2 
Fig. 44. 

Let AA% BBy CC (fig. 44) meet at and divide the 
sides into segments, as marked in figure. 

* N.B. — In all cases in which we speak of any numher of arcs passing 
through a point, it is to be understood that they pass through the diametri- 
cally opposite point also. 
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The triangles BA'O and CA'O give us 

sin ai sin A' = sin BO sin 2, 
and sin 0% sin ^' = sin CO sin ar. 

sin 01 sin BO sin z 



Therefore 



Similarly, 



and 



sin 02 sin CO sin x' 

sin 6i sin (70 sin p 

sin ^2 sin AO sin z' 

sin Ci sin -4 sin a? 



sin C2 sin BO sin y 

Multiplying these three results together, we obtain the 
relation in question. 

Again, conversely y if this relation holds among the seg- 
ments of the sides, the arcs AA\ BB\ CC^ will pass 
through a point. For, if possible, let A\ B", C" be three 
points dividing the sides into segments, which satisfy the 
above relation, and suppose the arc CO not to pass through 
C*f Then, since AA\ BB\ CC^ are concurrent, we have 

sin tti sin bi sin Ci 
sin 02 ' sin 62 * sin C2 
Also, by hypothesis, 

sin fli sin &i sin -4 0" 



= 1. 



sin 02 ' sin 6f ' sin -BC" 
Therefore 

sinci _ sin^C" 

ffl^2 " sin -BC" 
which is absurd, since the arc AB is less than 180°. 

123. If the arcs AA', BB", CC divide the angles 
Ay Bj C into segments Aiy A2; -81,-62; d, Ci; opposite the 
oorresponding segments of the sides, then we have 

sin 01 sin c sin Ai 



sin 02 sin b sin A 



-, &o., &c.. 
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and therefore 



sin Ai sin Bx sin Ci 
sin Ai * sin £2 * sin Ca 



= 1. 



And just as before, it holds conversely, that if this relation 
exists among the segments into whioh three aros divide 
the angles of a triangle, then these aros, produced if neces- 
sary, will pass through a point. This then may also be 
regarded ae a criterion of the concurrency of three axes. 

Hence we have the following theorem : — If three arcs 
passing through the vertices of a triangk be concurrent, three 
arcs equally inclined to the bisectors of the angles of the triangle 
will also be concurrent. 

For, if the former triad divide the angles into segments 
Ai, A2 ; -Bi, -B2 ; Oi, C2 ; the latter triad will divide them 
into segments A29 Ai ; B29 Bi ; 0%, Ci ; and, therefore, if 
the former triad meet in a point, so also will the latter. 

If this latter triad make segments a/, Oj', J/, V, c/, c^', 
on the sides, we have, as at the beginning of this Article, 



sin a/ sin c . sin A^ 
sin a^ sin b . sin Ai 



But 



sin A2 sin ^2 . sin c 
sin Ai sin ai . sin V 



Therefore 



Similarly, 



and 



sm ai sin a^ sin^ c \ 
sin a^ sin ai ' sin^ b' 



sin bi sin b^ sin' a 

sin bi sin 61 ' sin* c ' 

sin Ci sin c^ sin' b 

sin Cj' sin Ci * sin' a 



> 



These expressions also show that if one triad be con- 
current, the other triad will also be concurrent. 
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Examples. 

1. Prove that the following arcs are concurrent :— 

(a) The medians or bisectors of sides. 
(iS) The symmedians. 

[_ . . , sinai A' ,o\ X, sinai' sin^c "] 
In (o) we have .- — = 1, &c. ; and in {&) we have , = -:—-, &c. 
sm «4 sin«-3 sin^o J 

2. Show that— 

(a) The three internal bisectors of the angles ; 
(3) Two external and one internal ; 

are concurrent. 

[sin ai : sin «« : : sin ff : sin b, or apply Art. 123.] 

3. The perpendiculars of a spherical triangle are concurrent. 

(See Art. 54). 
r sin e\ sin b cos A ^ ~\ 

= -: ^, &C. . 

L.sm Ci sm a cos S J 

4. Show the concurrency of the arcs joining the vertices of a triangle to — 

(a) The points of contact of the sides with the in-circle ; 
(p) The points of contact of the sides with each of the ex-circles ; 
[«2 = biy b2 = cif C2 — a\. Therefore, &c.]. 

5. Prove that the three arcs drawn through the vertices of a triangle, bi- 
secting its area, are concurrent. 

__-, , sin 4 (i\ cos \c . , .- 11. . n 

[We have -; — ^ — = ^^. &c. ; hence, if \re calculate sin ^i, sin rtj, &c., 

sin J ^2 cos J b 

we find the criterion satisfied. For a simple geometrical proof see Art. 157.] 

124. Condition tbat Tbree Points on tbe ilides 
of a Triangle sbonid be Coneyelie, — If a great circle 
meet the sides of a triangle in points A\ B\ C\ dividing them 
into segments <^,, ^2; ^1, ^2 ; f*\y ^2, ice have the relation 

sin ai sin bi sin Ci 



sin fif2 Bin ^2 * sin c^ 



== -^ 1 •' 



* The negative sign is taken, because any arc drawn across the sides of a 
triangle must cut either one or three of the sides externally. 
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and oonyersely — If three points be taken on the sides of a 
triangle^ and if this relation holds among the segments into 
which they divide the sides, then the points will lie on the same 
great circle. 




Fig. 45. 

Let Xf fJif V be the perpendioulars from ABC on the 
great circle A'S^C. Then, ]iAC'^ Ci, and C'B = c^, as 
before, we have 



Similarly, 



and 



Therefore 



smai 


sm fi 


sinos 


sm V 


BlUbi 


sin V 


sin b% 


sin X* 


sin Ci 
sin Ca 


sinX 
sm/i 


sin tti sin bi 


sin Ci 



sin aa * sin 6a * Bin c% 



-1. 



The converse — viz., if the segments a^ a^; &i, Ja ; Ci, Ca are 
connected by the above relation, the points A% ^, C lie 
on the same great circle — follows exactly as in the fore- 
going Article, by supposing them not to lie on the same 
great circle. 
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Remark. — ^The relation of Art. 55 (1) oonneoting the 
mutual distances of three points with the perpendiculars 
from them on any fixed great circle may also be used with 
advantage to determine if three points lie on the same 
great circle. 

125. Theorem. — If three great circles^ drawn from the 
vertices of a triangle^ pass through a point Oj and meet the 
opposite aides in points A\ S^ C\ the sides of the triangk 
A\ -B', C will meet the corresponding sides of the triangle 
ABC in points which lie on a great circle. 




Fig. 46. 

Since AA\ J5J5', CO' (fig. 46) are concurrent, we have 

sin ax sin bi sin Ci 



sin Oa * sin 62 * sin c^ 



= 1; 



and if A'B^ meet AB in a point C'\ we have, since -B', A\ C" 
are on the same great circle, 

sin «i sin 61 sin^C ^ - 
sin ^2 * sin ^2 ' sin BCT 

f2 
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sin -4 (7" sin Ci \ 



Hence 



Similarly, 



and 



sin jBC" sin c/ 

sin BA^^ sin ax 

sin CA'' sin «»' 

sin CB' _ sin hi 

Bin AH' sin h^ j 



r 



rPh ^inAC' sin £A'' sin C^^ 

inerefore ^i^^c''' ^^aF'^^^:dW'^ ' ^'' 

and hence the points A'\ -B", C" lie on a great circle. 

Cor. — If A^ and B" be the middle points of the sides a 
and by then C will be the middle point of the side c. But 
it has been proved that the arc joining the middle points 
of two sides meets the third side at 90° from its middle 
point (Art. 20) ; hence, if CO" and -4'-4" are quadrants, 
then J?'^' will also be a quadrant. 

Therefore, since -4", ^', C" are concyclic, by considering 
the quadrilateral C'A!C"A!\ it follows that, if two diagonals ^ 
A A!' and C'C'\ of a quadrilateral he quadrants^ the third 
diagonaly JSB!\ will also he a quadrant. 

Examples. 

1. The arcs joining the middle points of the sides of a triangle meet the 
opposite sides in points which lie on a great circle, having the pole of the 
circumcircle for its pole. 

[See fig (10) and note that the points £ and D are 90° distant from Z.] 

2. The great circles joining the feet of the perpendiculars of a triangle, in 
pairs, meet the opposite sides in points which lie on a great circle. 

3. The great circles joining in pairs the points of contact of the in-circle, 
or of any one of the ex-circles, with the sides, meet the opposite sides in 
points which lie on a great circle. 
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4. The arcs joining in pairs the points where the bisectors of the angles 
of a triangle meet the opposite sides, intersect the opposite sides in points 
which lie on a great circle. 

5. The medians of a triangle intersect at ; prove that 

sin OA : sin OA' : : 2 oosja : 1 ; 
sin OB : sin OB : : 2 cos ^3 : 1 ; 
sin OC : sin OC : : 2 cos ^ : 1. 

[Consider the triangle AGO' and the transversal BB' drawn across it, 
and apply the relation of Art. 124.] 

6. If arcs AA'y BB\ CC be drawn through the vertices of a triangle 
passing through a point Oy and cutting the opposite sides in A\ B\ C\ 
prove that 

, ^ ^r* sin OA' cos OA _ 



: = 1. 



2. 



.^, , =2. 

' ' ^ tscafiA +ltan OA' 

7. If a triangle be inscribed in a fixed small circle, and if two of its sides 
touch two fixed spherical curves, its third side will envelop a third spherical 
curve, such that the vertices of the triangle connect concurrently with the 
points of contact of the opposite sides with their envelopes. 

[Take a consecutive position of the triangle, and it will be seen that the 
segments of the sides, made by the points of contact, satisfy the relation of 
Art. 122.] 



\»*/ 


^ sill A A' 


w 


^ tan OA' 


-M tan OA' + tan OA 


(y) 


^^ sin OA . cos OA' 


^ an/l/l' 


(X\ 


^ tan OA 
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CHAPTER X. 

DIEECTION ANGLES AND DIRECTION COSINES. 

126, Trl-quadrantal Triangle. — If each side of a 
spherical triangle be a quadrant, each vertex will be the 
pole of the opposite side, and each angle a right angle. 
Such a triangle we shall refer to as being Tri-quadrantaL 
It may be observed that the radii from the centre of the 
sphere to the vertices of a tri-quadrantal triangle are mutu- 
ally perpendicular to each other, the angle between two 
radii being equal to the arc joining their extremities ; so 
also the planes of the great circles forming the triangle 
are mutually perpendicular. 

127. DIrectloii Cosines. — The angular distances 
of a point on the surface of a sphere, from the vertices of 
a fixed tri-quadrantal triangle on it, are called the Direc^ 
turn Angles of the point, and the cosines of these angles are 
called the Direction Cosines of the point. Thus, if P (fig. 47) 
be any point on the surface of a sphere, ABC a fixed tri- 
quadrantal triangle, the arcs P-4, PBy PC are the direc- 
tion angles of P. These we shall denote by a, /3, 7, 
respectively. It is obvious that a, /3, 7 are the angles 
which the radius to P makes with the radii to Ay -B, C, and 
if any two of these be known, the direction of the radius to 
P is determined ; thus, any one of the direction cosines 
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of a point is determined by the other two, and therefore 
a relation exists among them. This relation we proceed 
to determine. 






Fig. 47. 

128. Relation eonnectlnip the Dlrectfton Co- 
sines of a Point. — The sum of the squares of the direction 
cosines of any point is eqtml to unity. 

Let a, /3, 7 be the direction angles of any point P 

(fig. 47). Since the triangle APC is quadrantal, we 

have 

cos a <= sin y COS ACPy 

and COS /3 = sin 7 oob BCP (from triangle BCP). 

But ACP and BCP are complementary ; hence, 
squaring and adding the above equations, we have 

cos' a + oos*/3 = sin* 7. 

Therefore cos* a + cos* /3 + cos' 7 - 1.* 

^^^^^^^1^^— ip.^^i^^»^^^^^»^— ^p— ^^■^— ^-»^^— ^^— » 

* This relation merely asserts that the square of the diagonal of a rectan- 
gular parallelopiped is equal to the sum of the squares of its three edges ; 
the diagonal in this case heing the radius to P, and the edges the perpendi- 
culars from P on the planes of the sides of the triangle ABC, The ex- 
pression given in Art. 129 for cos 8 may he easily deduced from the same 
principle. 
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Cor. — If Xy j/y z be the perpendiculars from any point 
on the sides of a tri-quadrantal triangle ; then 

sin^a? 4- sin*y + sin's = 1. 

129. Angular Distance between two Points. — 

Having given the direction angles of two points^ to find the 
angular distance between them. 

Let a, /3, 7 ; a', /3', 7' be the direction angles of two 
points P, P' (fig. 48), and S the angular distance between 




Fig. 48. 

them. From the triangle PAP' we have 

COS 8 = cos a cos a + sin a sin a cos PAP'. (1) 

cos PAr » cos (PAB-P'AB). 

cos j3 ■= sin a cos PAB^ cos /3' = sin a cos P'AB ; 

cos 7 = sin a sin PAB^ since PAB^ 90"^ - PAC; 

cos 7 = sin a sin P'^^,since P'^P-gO^- FAC. 
From these equations we find 

pjpf_ 0OS^_COs3j^_0OS 7 COS y\ 



But 
Now 
also 
and 



cos 



sin a sin a 



which, when substituted in (1), gives us 

cos 8 = cos a cos a + cos/3 cos /3' + cos 7 cos y'. (2) 
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In this equation 8 is the angle between the radii to P 
and P', and a, )3, 7 ; a\ j3', y the angles these radii make with 
the radii to A, B, C. Hence the above equation gives the 
angle between any two lines in terms of the angles they make 
with three fixed rectangular axes. 

Cor. — If X, yy z ; x\ y', s' be the perpendiculars from any 
two points on the sides of a.tri-quadrantal triangle, S, the 
angular distance between them is given by the equation 

oosS == &mx Binaf -\- mny smt/ + sin 2 sins'. 

Example. 

If the angular distances of a point, P, from the vertices -4, 5, C, of a 
tii-quadrantal triangle be |, ^, f, and if the direction angles of P, -4, B, C, 
referred to any other tri-quadrantal triangle, be a, /S, 7 ; ai, fii, 71 ; aa, /Sa, 7a ; 
as, fizi 73, respectively ; prove that 

cos { = cos a cos oi + cos fi cos (3i + cos y cos 71. 
cos ri = cos a cos aa + cos )3 cos )3a + cos 7 cos 7^. 
cos f = cos a cos as + cos $ cos 33 + cos 7 cos 73. 

cos a = cos { cos 01 + cos if cos aa + cos ( cos 03. 
cos 3 = cos I cos fii + cos 7f COS fii + COS ( COS 33. 
COS 7 = COS { COS 71 + COS ri cos 7a + cos f cos 73. 

These equations enable us to determine the direction angles of any point 
with reference to one triangle when its direction angles, with reference to 
the other, are known, the relative position of one triangle with respect to 
the other being also known. 

130. Kxpresslon for sin S. — To find the sine of the 
angle between any two lines in terms of the angles they make 
with three fixed rectangular axes. 

By the foregoing Article we have 

oos^ 8 = 2 cos' a cos- a + 22 cos /3 cos j3' cos 7 cos 7'. 
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TTsiiig the relation 

oos'a'+ oos'/3'+ oos'y'* 1, 

this transforms into 

COS* 8 = S oos' a (1 - oos' 3' - COS* 7') 

+ 2S C08/3 oos/3' 0087 0087' 

" cos* a + cos' /3 + cos' 7 - S (oos /3 00s 7'- 00s /3' oos 7)* 
= 1 - S (cos 3 cos 7'- cos /3' cos 7)*. 

Therefore 

sin* 8 = S (cos /3 cos 7'- oos/3' 00S7)*. 

This expression may also be obtained directly from the 
identical relation t 

{be'- VcY + (c«'- c'ay + (a6'- c^bf 

«(a* + 6' + c*) (a'^ + J'^ + c'') - (fl^+66'+(?(0'; 

obtained by squaring the array 

a b c 



/ 1 • 



131* Dlreetlon €o8lne8 of the Pole of the Are 
Joining two Points. — Let ai, /Si^ 71^ 02, ^%y 72 be the 

direction angles of two points; a, /3, 7 the direction angles 
of the pole of the arc joining them. Then since the arcs 
joining aj37 to the other points are each 90% we have, by 
Art. 129, 

cosa cosoi + cos/3 cos/3i + C0S7 cos 71 « ; 
and 

cosa cos at + oos)3 cos 32 + COS7 cos 72 » 0. 
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Henoe 



008 a 



C08)3 



COS I3i cos ji - 008 y 1 COS /Sa 



008 7i 008 02 — 008 ai 008 jz 

008 7 
008 ai 008 1^2 - COS /[Ji 008 03 



J 



008* a + 008* (i + 008* y 



2 (00s j3i 0087a - 00871 008)82)" sin 8* 
where S is the angular distanoe between the given points. 



Therefore 



008 a sin 8 == oos /3i oos 72 - oos 71 oo8)32, 
008 /3 sin 8 = oos 71 oos 02 - oos ai oos 72, 
008 7 8in 8 » 008 ai 008 /32 - cos (ii oos 02* 



132. Relation amons the Six Ares of Conneetlon 
of Four Points on a Sphere. — ^Let the direction angle8 
of the points 1, 2, 3, 4, be oi, j3i, 71 ; 02, ^29 73, &c. Then 
if we perform the multiplication 



cosai cos^i cos 71 

008 02 COS 32 COS 72 

008 03 OOSjSt 008 73 

008 04 008/34 COS 74 



008 Oi OOS^i 008 71 

008 02 008/32 008 72 

008 03 008/93 008 73 

COS 04 008/94 008 74 



the product will obviously be zero, since each of these 
determinants is zero ; and observing that 

COS* a + cos' /3 + 008* 7 = 1, 

and cos oi oos a2 + cos j3i cos jSj + oos 71 cos 72 « 008 12, 
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where 12 represents the arc joining the points 1 and 2, 
we have 



1 OOB 12 COB 13 COS 14 



COS 21 1 
cos 31 cos 32 



cos 23 cos 24 



cos 34 



= 0, 



cos 41 cos 42 cos 43 



which is the required relation in a determinant form. 

It is clear from what has been said in Art. 129, that this 
is the relation connecting the angles which four lines in 
space make with three fixed rectangular axes, the lines 
being parallel to the radii to the points 1, 2, 3, 4. This 
relation may be obtained directly, though not in a deter- 
minant form, by taking the point 4 inside the triangle 
formed by the points 1, 2, 3, and observing that if the 
connectors of 1, 2, 3 subtend angles -4, -B, Cat 4, then 
u4 + 5 + (7 = 27r, and 

1 - cos'-4 - oos'-B - cos'C + 2 cos ^ cos £ cos (7 = 0. 

Substituting in this equation the values of oos^, &c., in 
terms of the arcs joining the points, and reducing, we 
obtain 

+ 2abafi - 2ahc - 2a^y - 2hya - 2ca/3 = 1, 

where a^ by c; a, j3, y are taken, for the sake of brevity, to 
represent the cosines of the six arcs in question. 
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Examples. 

I. To 6nd a relalion connBcting the aidea of a triangle with the petpen- 
diculara x, y, s, let fall on them from any point on the sphere. 

[If a, |3, 7 be the angulitr dietancea of any point P on the sphere from die 
vertices of a triangle ASC, the foregoing detemunant bi 




This applied to the polar triangle, the eidee 



mo * am y am £ 
■inee the cosine of the angular distance of any point from a vertei of the 
polar triangle is equal to the sine of the perpendicular from that point on 
the corresponding side of the original triangle. 
The coefficient of ain' x in this determinant is ain'.^, and the coefficient of 

Hence, on expanding the determinant, we find 

I -1 coaC cobS ] 
lain'j<flin'T + 238in5stn(7coaflsinjsiDi = -; coaC -1 cmA =4A''. 

I coed cos^ -1 I 
Dividing across by N^, and noting that 



which reducea in piano U 
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2. Find the angular radios of the circle cutting three small circles ortho- 
gonally in terms of their angular radii, ri, r2, n, and the angular distances, 
a, b, Cf between their poles. 

[Let a, iS, 7 be the angular distances of the pole of the orthogonal circle 
from the poles of the given circles. Then, if p be the unknown radius, 

coea = coBf»co8ri, cos /9 a cos p cos ra, cosyscospcosrs. 

Therefore 

1 coBe cos 6 cos a 1 cos0 cos 3 

coac 1 cosa cos/S 

coBb cosa 1 cosy 

cosa cos/9 C0S7 1 

which determines seep, as required]. 

3. Show that the arcs joining n points, 1, 2, 3, . . . «f, on a sphere, are 
connected by the determinant relation 

1 cos 12 cos 13 



COS0 
COS0 1 

cos 3 cosa 



cosri 
cos a cos r2 

1 COSfs 



cosn COST} cosfk sec'p 



cos 21 1 
cos 31 cos 32 



cos 23 



cos In 



cos2» 



. C08 3» 



0, 



cos nl cos n2 cosnS 

where 12, &c., denote the arcs joining the points 1, 2, &c. 

[This relation is obtained in exactly the same manner as the relation 
among the connectors of four points was obtained in the foregoing Article.] 

4. If be any point on the sphere, and ni, n%9 Ms the functions of the 
sides of the triangles SOC, CO Ay AOB, corresponding to the function n of 
the tiiangle ABC^ show that 

fi> s m' + »3* + Ms' + 2fisfi3 cos a + 2fi8»i cosb + 2nin% cos e. 

[We have, sin a sinx » 2«ii, sin 3 sin y = 2»3, sin « sin s = 2mi ; there- 
fore, &c. by Ex. 1.] 

133. ExpreMion for cos S with referenee to any 

Triangle. — In this Article we propose to find an expres- 
sion for the angular distances Sy between two points P, P^^ 
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in terms of the angular distances of those points from the 
vertices of any given triangle ABC and the sides of that 
triangle. 

Let the direction angles of Ay B^ C^ the vertices of the 
given triangle, be oj, j3i, 71 ; aa, /Sa 72 ; as, /Sa, 73 ; and S, ii, ? ; 
5', rfy Z\ those of the two arbitrary points P, P', respec- 
tively. Then, by multiplication of determinants, we have 



€00 ai coBjSi COS71 

coBos cosjSa CO073 

cos as €08 /Ss COSTS 

cos I' cosV cos^' 



cosai C08/9i cosyi 

cos as cosjSs cos 73 

oos as cos/Ss cosys 

cos I C08l| cos^ 



1 eoae eoab cosa 

costf 1 cosa cos/9 

cos 3 cosa 1 cos 7 

cosa' cosjB' cos 7' cos 8 



= 0, 



where a, /3, 7 ; Uy /3^ y are the angular distances of the 
points in question from the vertices of the given triangle 
ABC. Expanding this determinant, we find 



4n' cos 8 s 



1 cos« ooeb cosa 
COBC 1 cosa cosiS 
coBb cosa 1 cos 7 
cosa' oos/9' cos 7 
s 3 cosa cos a' sin^a + II (cosiS COS7' + 008/9' cos 7) sind sine cos ^.* 

* This expression for cos 8 may also be obtained from the equation 
i2> s= «' + ys <!• s* + 2yz cos a + 2 cos»e ooab + 2xy coae, 

which gives the diagonal <{ of a parallelepiped in terms of its edges, x, ff, e, 
and their mutual inclinations, 0, b, c. (See Chap. XV.) 
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This equation gives the angle between two lines in 
terms of the angles which they make with three fixed 
oblique axes (radii to -4, B, C)y and the angles a, J, c, 
between those axes. It obviously reduces to the deter- 
minant relation of Art. 132, when the two points co- 
incide, for then 8 = 0, and cos 8 = 1. 



Examples. 

1. Express the cosine of the angular distance between the poles of the 
in-circle and circumcircle of a triangle in terms of the sides of the triangle, 
and also in terms of the angular radii of the circles. (Cf . Art. 86.) 

2. If di, ^2, ^3 . . . ^n ; ^i', B2i » . . On he the angular distances of 
two points, Ff P', from n fixed points, 1) 2, 3, . . . «» on the surface of a 
sphere, show that 



1 


[ 


COS 


12 


cos 


13 . . 


. COS 


In 


COS 


Bi 


COS 


21 


] 




COS 


23 . . 


. COS 


2n 


COS 


02 


COS 


«i 


COS 


n2 


COS 


w3 . 


. . ] 


I 


COS 


On 


COS 


tfi' 


COS 


02' 


COS 


©3' . 


. . COS 


Su' 


( 


) 



0. 



[Let ai, iBi, 71 ; 02, 32, 72; • • • on, /3n, 7«, be the direction angles of the 
fixed points ; f> t;, f ; |', ^', f , those of F and F\ and proceed as in the fore- 
going Article, noticing that the coefficient of cos FF' vanishes by Art. 132, 
Ex. 3 ; and therefore zero may be substituted instead of cos FF\ as above.] 

134. Problem. — I/Aiy Aiy A^, , . . An be any number 
of fixed points on the surface of a sphere^ to find the locus of a 
point 0, such that 

li cos 0-4 1 + h cos OAi + h cos OAi +... + /„ cos OAn ~ const. 
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Let a, /3, 7 be the direotion angles of 0; oi, /3i, 71, 
flj, /32, 72, &o., the direotion angles of -4i, uij, &c., with 
respect to a tri-quadrantal triangle ABC; we have 

/i cos OAi = /i (cos a cos ai + cos j3 cos )3i + cos y cos 71), 

I2 cos 0^2 = 4 (00s a cos 02 + cos /3 cos j32 + cos 7 cos 72) . 



In 008 0-4n = In (OOS a COS On + COS J[3 COS /3n + COS7 C0S7„). 

Therefore, by addition, 

2/1 cos OAi = cos a2/i cos ai + COS j3S/i cos /3i + cos 7S/1 cos 71 

= i cos a + -3f cos/3 + iV cos 7 = ^, (1) 

where i, -3f, N are known quantities, being S/i cosoj 
^/i COS /3i, 2/1 cos 71, respectively. 

Now, if we find a point P, such that its direction co- 
sines are 

|, ^, ^ (where G^ = Z^ + i!£' +iV^'); 
then, by Art. 129, 

oobOP = -^ (Zco8a + 3f cos/3+iVoos7). 

Therefore, by (1), 

2/1 cos OAi =>GoobOP = K. 

This determines cos OP^ Ka,ni O being given quantities; 
and as P is a fixed point, the locus of is a small circle 
riiBT n. G 



82 Direction Angles and Direction Cosines, 

ronnd P as pole, the angular radius of the oirole being 
given by the equation 

cos OP = 77. 

Cor. 1. — If ^=0, the locus of is a great circle. 
Cor. 2. — Supposing to coincide with A^ By C succes- 
sively, YfQ have 

2/1 00s AAi = Lf 

SA cos £Ai = Jf, 

2/1 cos CAi = If. 

[This follows at once from (1)] 

Cor. 3. — The point P is such that the sum of the cosines 
of its angular distances from Aiy At, A^ &c., is a maxi- 
mum. 

[For in this case cos OP is unity, since coincides with 
P, and therefore S/i cosP-4i = O. The diametrically 
opposite point gives a nainimum value of sum of cosines.] 

Hence, generally — If the cosines of the angular distances 
of a point P from any numher of fixed points are connected 
by a linear relation^ the point is constrained to move on a circle. 
And, in particular — If the cosines of the angular distances 
of a point from the vertices of a triangle are connected by a 
linear relation^ the locus of the point is a circle. Or, what is 
the same thing — If the sines of the angular distances of a 
point from the sides of a fixed triangle [or from any number 
of fixed arcs) are connected by a linear relation^ the loom of 
the point is a circle; the sides of the triangle (or fixed arcs) 
in this case being the polars of the fixed points in the pre- 
ceding. 
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Example. 

If a circle cut three given small circles at equal angles (a), the locus of 
its pole is a great circle. 

Let 81, S2, S3 be the angular distances of the poles of the fixed circles from 
the pole of the variable circle ; ri, r2, r^ the angular radii of the former, 
and p that of the latter. Then 

cos Si = cos p cos ri + sin p sin ri cos a; 

also cos 83 » cos p cos r2 + sin p sin r2 cos a,. 

and cos 83 = cos p cos rs + sin p sin r3 cos a. 

£liminating cos p and sin p cos a, we obtain 

cos 81 cos 82 cos 83 



cos ri cos r2 cos rs 
sin ri sin r2 sin rs 



= 0; 



or 006 81 sin (ra ~ r^) + cos 82 sin (rs — n) + cos 83 sin (ri - n) = 0, which is 
a linear relation connecting cos 81, cos 82, cos 83, in which the absolute term 
18 aerOy and therefore the pole describes a great circle {Cor, 1). 



Miscellaneous Examples. 

1. If ai/9i7i, a2^2, 03^373 be the direction angles of the vertices of a 
triangle ABC, prove that 

cos ai cos /3i cos 71 

008 02 cosiSs cos 72 = 2n. 

006 q« C06i33 cos 73 

[Square this determinant, and apply the relations 

eo6 ai cos a2 + cos $1 cos P2 + cos 71 cos 72 = cos 12 s cos c, &c., 
and we obtain the determinant of footnote, Art. 30.] 

2. If ABC be a tri-quadrantal triangle, prove that, using the notation of 
the previoni Example, 

cosai cos /Si cos 71 

cosa2 cosi32 CO673 = 1. 

cos 03 cos $3 COS 73 

02 
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3. In the same case prove that 

cosoi — 1 cosjSi cos 71 j 

t 

cos oi cos fit- I cos 72 1=0. 

I 

COS as cosiSs ' cos 73— 1 | 

[If A denote this determinant, and A' the determinant of lb 
A = AA', which, by the multiplication of the determinants, red 
therefore, &c.] 

4. Apply the relation of Art. 132 to determine the radius of i 
cumscribing a given tetrahedron in terms of its edges. 

[The edge joining the points 1, 2 is equal to 2R sin} (12). Bu 

- 2 sin^i (12) ; therefore, &c.] 

5. If Ai, Aif Azy &c., be fixed points, of which the direction s 
aii3i7i, 02)9272) &c., and if be a point having direction angles a, jl 
that 

2/i co8« OAi = Acoa^ a + Jcos«/8 + Coos'* 7 + 21*006/9 cos 7 

+ 26^ cos 7 cos a -h 2J7 cos a 006 iSy 

where 

A -211 006* au 3 = 28 h cos' fii, C= X h cos* 71, ^=2 h cos /9i 006 71, &c. 

[We have h coe' OAi c= li (cos a cos ai + cos 3 cos i9i + C06 7 coe 71)'. 
Writing down the other terms, and adding, we find the above.] 

6. In the aame case, if and 0' be any two fixed points, show that 

2/1 cos OAi cos (TAi = -4aa.'+ B/i/i + Civ' + .F (fu'' + /*V) + G {rK'+ p'\) 

+ J5r(XAi'+X», 

where X/kv, K'fjJp' are the direction cosines of and 0'. 

7. By properly choosing the triangle of reference, the results of Examples 
6 and 7 reduce respectively to 

A\* + 5/i» + ft^, 
and Aw' + B/ifi + Cvp. 

8. If a sphere be described round a regular polyhedron, prove that the 
sum of the cosines of the arcs joining any point on the sphere to the 
vertices of the polyhedron is zero. 
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9. A and S are fixed points on a sphere; P any point on the surface; show 
that a fixed point C can always be found in A3, or AB produced, such that 

/ cos AF + m cos £F = n cos CP, 

where /, m, n are constants. (Gf . Art. 40.) 

10. Ji a, fi, y, 9 he the arcs joining a point P to four fixed points on a 
«phere, find the locus of P when 

cos a + cos jS + cos 7 + cos 8 = const., 

and determine when the locus becomes impossible. 

(London Univ. Exam. Papers.) 

11. If X, fi, y denote the perpendiculars from the vertices of any tri- 
quadrantal triangle on a transversal to the sides ; prove the relation 

sin' X + sin' fi + sin' v = 1 ; 

4ind hence show (see Art. 130) that 

sin* 5 = 2 (cos j8 cos 7' — cos )3' cos 7)'. 

[Let PP (fig. 48) be the transversal, and let it meet the sides of the 
triangle in the points X, Y, and Z. Then sin x » sin AZ sin Z and 
fdn fi = sin BZ sin Z. Squaring, and adding these equations, 

sin' X + sin' fi = sin' Z = cos' v ; 
therefore sin' X + sin' /i + sin' v = 1. 

Again, applying the relation given in Misc. Ex. 24, of Chap. iii. to the 
quadrilateral ABPP' (fig. 48), 

cos a cos fi' — cos a cos /3 = sin 8 sin AB cos Z = sin 8 sin v. 
Hence 

2 (cos a cos ff - cos a' cos 3)' = sin' 8 (sin' X + sin' /i + sin' v) = sin' 8.] 



( 86 ) 



CHAPTER XI. 

THEORY OF ANHARMONIC AND HARMONIC SECTION. 

135. Anharmonlc Ratio. — When four points. 
Ay By Cy Dy llo OIL 9, gioat clTole they are connected by 
the relation 

sin BC sin^D + sin CA sin BD + sin AB sin CD = 0. 

Let the left member of this equation be divided in 
turn by each of its three terms, and it will be seen 
that there are thus six fractions formed, in pairs, the 
reciprocals of one another. Thus if A, /ti, 1/ denote one 

triad, the remaining triad may be denoted by y -, -. 

Moreover, it will be seen, by writing at length the 
equations after each process of division, that A, /ti, v are 
further connected by the equations 

1 1 1^1 

A /£ V 

Therefore, if any one of the six ratios be given, all the 
others are completely determined. 

Definitions. — Such a system of points is called a 
Spherical Bow; and the system of arcs of great circles 
joining Ay By (7, D to any point on the sphere is a 
Spherical Pencily or a Pencil, Each arc of the pencil is 
termed a Bap. 

The functions A, /u, v, r-, — , - are the six Anharmonic 

A fl V 

Ratios of the row of points Ay ByC, D; but on account of 
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one of them completely determining the remaining five, 
we shall in future deal with one as the Anharmonic Ratio 
of the row. 

T- , %mBC miAD , ,, - . X- ij 

J^t -; — , - . — 77= represent the anharmonic ratio oi 
sm AB sm CD 

the row of points A, B, C, 2), then similarly the fune- 

sin J50(7sin-40D i , , . i xi 

tion —. — ^^,^ . — ^-^ may be taken to represent the an- 
sinAOBsmCOD ^ ^ 

harmonic ratio of the pencil formed by joining to the 

points. 

The student will notice that the anharmonic ratio of a 
spherical row is equal to that of the plane pencil formed 
by joining the points to the centre of the sphere.* 

We shall usually denote the pencil joining any point 
to any other four points, A^ B, C, D, by O.ABCD, and the 
row by {ABCD). 

136. Harmonic Section. — If the anharmonic ratio 
of a row (or pencil) be equal to unity, the row (or pencil) 
is said to be harmonic. 

* The six anharmonic ratios may be further expressed as the trigono- 
metrical functions of an angle, thus : — Upon the segments AC and BDy as 
diameters, describe small circles, and join the pules M and iVof these circles 
to either point of intersection 0, Apply the relations of Art. 36, (5), (6), (7) 

^ .1 , ,-.^,^ •! ^ sini-BCsin i -4i) _ /. ... i 

to the angle MON. e.g, cos' hO= . 7 ^ . . 7 t>t^ - Hence, for a tnangle 
° ^ sin J CA sin J BD 

of sides double those of MON, and vertical angle 0, the anharmonic ratios 

will be found to be 

sin2 J e, co8« J d, - tan» J 0, cosec» J By sec* J d, - cot^ J $. 

(See Cremona's Projective Geometry ^ Art. 72 (V.) ; 
Casey's Contca, p. 66, Ex. 32.) 
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In this oase we obviously have 

sin AB _ sin AD ^ 
^K^C" sinDC' 

that is, the ratio of the sines of the segments into whioh 
B divides ^C7 is the same as the ratio of the sines of the 
segments into whioh D divides it. B dividing J^C7 in- 
ternally, and D dividing it externally, we shall say that tchen 
two points^ B and Dj divide an arc AC harmonicaUyy they 
cut the arc internally and externally in the same ratio of sines. 

137. Theorem. — The anharmonic ratio of a spherical 
pencil is the same as the anharmonic ratio of the four points 
in which any transversal great circle meets it. 

Let a great circle meet a pencil drawn from (fig. 49) 




in points A^ By Cy D; then if jo be the perpendicular 
from on ADy we have, from the triangle AOB^ 

sin OA sin OB sin A OB = sin AB sin p. (1) 

Similarly, sin OC sin OB sin COD = sin CD sin p. (2) 

Also sin OB sin OC sin J?OC = sin BC sin p ; (3) 

and sin OA sin OD sin A OD = biilAD sin p. (4) 

Dividing the product of (3) and (4) by the product of 
(1) and (2), we find 

sin BOC sin AOD sin BC sin AD 
siu AOB sin COD " sin AB sin CD 
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Hence the anharmonic ratio of the four points in which any 
transversal great circle meets a fixed pencil of four arcs is 
constanty and equal to the anharmonic ratio of the pencil. 

Cor. 1. — A harmonio pencil cuts any great circle in a 
harmonic row. 

Cor 2. — If two pencils intersect in four points on a 
great circle, their anharmonic ratios are equal. 

Cor. 3. — If the angles contained by corresponding rays 
of two pencils be equal, the anharmonic ratios of the 
pencils are equal. 

Remark, — By the application of the above method we 
may establish the following more general Theorem : — If 
in a figure on a sphere we have a function consisting of the 
product of the sines of one set of arcs divided by the product 
of the sines of another set of arcs^ each arc of one set being 
part of the same great circle with one of the other set, and the 
whole system of extremities of arcs being the same for both 
sets ; then the function will remain mialtered in value, if in 
place of the arcs we substitute the angles they subtend at any 
point on the sphere. 

Cor. 4. — If from any point on the sphere perpendiculars 
be drawn to the rays of a given pencil, they form a pencil 
equianharmonio with the given one. 

[For the perpendiculars pass through the poles of the 
rays of the given pencil, but the poles are concyclic, and 
form a row equianharmonic with the given pencil.] 

138. When three points of a spherical row are given, 
along unth its anharmonic ratio, the fourth point is deter- 
mined if its relative position be also known {that is between 
which successive pair of points it lies). For the problem is 
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reducible to the following : — Given the sum or difference 
of two angles, and the ratio of their sines ; find the angles. 
Since the ratio of sines is known, we know the ratio 
tan (half sum) : tan (half difference), which, with the 
given sum or difference, determines the angles. 

In the same manner it follows, that if three rays of a 
spherical pencil he given ^ the fourth is determined if the an- 
harmonic ratio of the pencil and the relative position of the 
fourth ray be known. 

Cor. 1. — Three rays of a harmonic pencil (or points of 
a harmonic row) determine it (the relative position of the 
fourth being known). 

Cor. 2. — If two pencils have a common vertex and 
equal anharmonic ratios, and be such that three rays of 
one are the production of three rays of the other ; then 
the fourth ray of the former will be the production of the 
fourth ray of the latter (or coincide with it). 

139. — Theorem. — If two equianhafmonic pencils have a 
common ray^ the intersections of the remaining three correspond^ 
ing pairs are concyclic. 




A 
Fig. 50. 

Let Off (fig. 60) be the common ray, and suppose By C, 
D to be the intersections of the corresponding rays. Let 
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BD meet 00 and ffC in C and C\ respectively. Then^ 

by hypothesis, 

(ABO'D) = [ABC'D). 

But by the foregoing Article this is impossible, unless C 
coincides with C^'. Therefore DB passes through C. 

Oor. — If Aj B,0; A\ B\ C\ be two triads of points on 
two great circles intersecting at 0, and if the anharmonio 
ratio of the rows (OABO), and {OA'B^O') be equal, the 
arcs AA\ BB^^ 00' will be concurrent. [For, join to 
the intersection of A A and BBf ; then the arc from this 
point to must pass through C if the condition of the 
problem holds.] 

We apply this result to the following theorem. 

140. Triangles In PerspectlTe, or Copolar Tri- 
angles. — If two spherical triangles be sicch that the arcs^ 
joining corresponding vertices meet in a point* the intersec- 
tions of corresponding sides mil lie on a great circle.^ 

Let ABO and A'B^O' (fig. 61) be the triangles, the 

p 




Fig. 51. 



* Called the centre of perspective, or pole of the triangles. 

t Called the axis of perspectiye, or axis of homology of the triangles. 
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point of intersection of arcs joining corresponding vertioeSy 
P the intersection of BC and B'C. 

m 

Then . PCMB = A . PCMB, 

und O.PCMB = O.PCTNS = A'.PCTNB^. 

Therefore A . PCA'B = A' . PCTAB". 

The ray AA' is common to both these pencils, and there- 
fore the intersections of their corresponding rays, APj AP ; 
ACy A!C'\ ABy A'B^y lie on a great circle ; therefore, &o. 

Cor, — If two triangles be such that the intersections of 
corresponding sides are concyclio ; then the arcs joining 
wrresponding vertices will be concurrent. 

141. The student may observe that the proof of the 
proposition of the foregoing Article is identical with that 
given for plane triangles in perspective, and this remark 
may be applied to much that has gone before. Hence the 
following propositions will present no dijBBculty once the 
•corresponding theorems in piano have been mastered (see 
Casey's Sequel, Book VI.). 

(1) When three triangles are ttco by two in perspective, 
and have the same axis of perspective, their three centres of 
perspective are concyclic, 

(2) When three triangles are two by two in perspective^ 
and have the same centre of perspective, their three axes of 
perspective are concurrent, 

142. Harmonic Properties of a Spherical Tri- 
angle. — In the fig. of Art. 125, we have three arcs, AA\ 
BB!, CC\ drawn through the vertices of a spherical triangle, 
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and interseoting in a point 0, and we found there that the 
arcs A^£^y JB^C^ CA! meet the opposite sides in points A\ 
-B", C'\ which divide them externally in the same ratio of 
sines, as -4', J^, 0' divide them internally. Hence the 
rows 

{BCAA'\ [CASE"), [ABCC) 

are each harmonic, and therefore also the pencils 

a.bca:a\ b. oaee\ c.abctc", 

are each harmonic. 

143. Harmonic Properties of a Complete liaa« 
drilateral. — ^The same figure is easily seen to be a com- 
plete quadrilateral, of which AA\ BE^ CC" are the three 
diagonals. 

Hence, since C .ACfBC^ is harmonic, it follows that a 
pair of opposite sides of a complete quadrilateral form a 
harmonic pencil with the third diagonal, and the arc join* 
ing their intersection to the intersection of the other two 
diagonals. Also — The two diagonals of a complete quadri- 
lateral form a harmonic pencil with the arcs joining their in-^ 
tersection to the extremities of the third, 

144. IfABCD be a harmonic row^ 

tan ABy tan A (7, tan ADy 

or the tangents of the arcs measured from A, are in harmmi-- 
eal progression. 

For 

sin BC sin AD « sin AB sin CD ; 

or 

sin [AC - AB) sin AD = sin AB sin {AD --AC). 
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Dividing across by 

sin AB sin AC sin ADy 
we get 

cot -45 - cot -4(7 = cot AC - cot AD. 

Therefore 

cot AB + cot^D = 2 cot^C; 

that is, the cotangents of the arcs are in arithmetical pro- 
gression, and hence their tangents are in harmonic. 

145. If[ABCD) be a harmonic rowy and if either of the 
mean arcs AC or BD be bisected; the tangents of the arcSy 
measured from the point of bisection to the other points of 
section of the great circle j are in geometric progression. 

For, let M be the middle point of AC. Then 

miAB _ sill AD 
^~BC " smTCD* 
Therefore 

sin AB - sin BC sin AD - sin CD 



or. 



or. 



sin AB + sin BC smAD + sin CD ' 



tan i {AB - BC) teaii {AD- CD) 
tan i {AB + BC) " tani Uj>+ CD) ' 



tan BM tan CM 



tan CM t&nDM 

Therefore 

tan 5Jf tan Z>Jf = tan' CM. 

Otherwise thus— Let {ABCD) be a harmonic row on a great circle. Draw 
A tangent to it at A, and produce the radii to B, C, D, to meet the tangent in 
B*, (jy 2/. Then the pencil . ABCD is a harmonic pencil, and therefore 
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{AB'CD') is a haimonic row, being the centre of the sphere. If we take 
the radius of the sphere as unity, we will have Ah', AC, Ah* equal to 
tan ABy tan^C, tan AD^ respectively ; but since AB'CI/ is a harmonic 
row, AB\ A C, AD' are in harmonic progression ; therefore tan AB, tan AC, 
tan AD are in harmonic progression. 

Again, if 3f be the middle point of A C, and if a tangent be drawn at it 
to meet the pencil 0-. A BCD in A"B"C"D" ; then this latter row will be 
harmonic, and M will be the middle point oi A"C" . Therefore 

B"M.D"M={C"M)^; 
or 

tan BM. tan DM = tan^ CM, 



Examples. 

1. The internal and external bisectors of an angle of a triangle form a 
harmonic pencil with the sides containing the angle ; and, conversely, if a 
pair of rays of a harmonic pencil are at right angles, they will bisect in- 
ternally and externally the angle between the other two rays. 

2. Hence show that the arc joining the middle points of any pair of sides 
of a triangle meets the third side at 90" from its middle point. 

[The radii to the extremities of any side, its middle point, and the point 
where the arc in question meets it, form a plane harmonic pencil, and one 
pair bisects internally and externally the angle between the other pair.] 

NoTB. — By referring to fig. 46, we see that HA' and C be the middle points 
of the sides, A' A" and C C* will be quadrants ; but in this case B' will be the 
middle point of ^C7; and therefore B'B^' will also be a quadrant. Hence, 
by considering the quadrilateral C'A'C'A", we find that if two diagonaU^ 
A' A" and C'C\ of a quadrilateral be quadrants, the third diagonal, B'B" 
wiU alto be a quadrant. 

3. Given in magnitude and position the bases AB and A'B' of two tii- 
angles ; if the vertex of each moves on the base of the other, the arc joining 
the intersections of corresponding sides passes through a fixed point. 

[Let ^^and A^B' be the fixed bases, 0, the intersection of ^^and A'B, 
is a fixed point. Then we have 

. CA'MA = A\ FBCA, 
O.CBNB' ^Bf.PBCTA, 
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Therefore . CA'MA = . CBNB' ; 

and as three of the rays of one of these pencils are the productions of three 
of the rays of the other, the fourth rays, OM and OiV, must he parte of the 
same great circle. Therefore MON is a gi-eat circle. That is, ifiV passes 
through a fixed point 0. 



A c 




Similarly, the arc joining the intersections of non-corresponding sides 
passes through a fixed point, viz., the intersection of AA' and BB','} 

[NoTB. — This is a particular case of Pascal's Theorem.] 

4. Hence show that if a quadrilateral he divided into two others hy an 
arc of a great circle drawn across it, the arc joining the intersection of the 
diagonals of one of these quadrilaterals to the intersection of the diagonals 
of the other passes through the intersection of the diagonals of the original 
quadrilateral. 

5. If the yertices of a yariahle triangle move on three fixed great circles^ 
and if two of the sides pass through two fixed points, concyclic with the 
intersection of the great circles on which the opposite vertices move, show 
that the third side also passes through a fixed point.* 

[In the fig. of Ex. 3 consider all the arcs fixed except A'C, VCy OC, and 
MN, Then the triangle MNC* obviously satisfieB the problem.] 

6. If the sides of a variable triangle pass through three fixed points, and 
if two of the vertices move on two great circles, the intersection of which 
lies on the great circle joining the points through which the opposite sides 
pass, the locus of the third vertex is a great circle.* 

(See fig. of Ex. 8.) 



• One of two. 
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7. If the sides of a yariable triangle pass through three fixed concjclie 
points, and if two of the vertices move on two given great circles, the locus 
of the third vertex will be a great circle* passing through the intersection 
of the given circles. 

Take any three positions of the triangle, then it is easily seen that we 
have three pencils, one from each of the fixed points, having a common ray, 
and equal anharmonic ratios. These pencils intersect on the two given 
circles and on the locus of the third vertex, which, by Art. 139, is a great 
circle, as in question.] 

8. If the three vertices of a triangle move on three concurrent great 
circles, and if two of the sides pass through two given points, the third side 
will pass through* a fixed point concyclic with the given ones. 

9. Given in position a pair of opposite sides of a quadrilateral, and the 
point of intersection of the other pair ; find the locus of the intersection of 
the diagonals. 

Ans. A great circle — the harmonic conjugate of the third 
diagonal with respect to the pair of given sides. 

10. If from the extremities of the base of a spherical triangle arcs be 
drawn so as to intersect on the perpendicular to the base from the opposite 
vertex, the arcs joining the foot of the perpendicular to their intei'sections 
^dth the opposite sides are equally inclinidd to the sides. 

[Referring to fig. 46, Art. 125, the pencil C. B^'CB'A is harmonic ; and 
if the pair of rays (T'C and C*A are at right angles, the rays C'B' and C'B" 
will bisect the angle between them internally and externally.] 

Hence the pedal triangle of a epherieal triangle is such that its sides are 
equally inclined to the sides of the original triangle ;\ and therefore, as in 
planOy its perimeter is less than the perimeter of any other triangle which can 
be ineerihed in the given one, 

11. If a great circle revolve round a fixed point 0, and cut two given 
great circles in points A and B, find the locus of a point P on the revolving 
circle such that 

cot OA + cot OB = 2cot OP, 

Ans. A great circle passing through their intersection 
and the harmonic conjugate, with respect to 
them, of the arc joining to their intersection. 

* One of two. 

t See alBO fig. 34, where ABCia the pedal triangle of Oi020%. 

FAST II. H 
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12. If a great circle reyolve round a fixed point 0, and cut any number 
of fixed great circles in points A\y A2, -Asj . . . find the locus of a point P 
on the revolying circle such that 

cot OP = cot OAi + cot OA2 + cot OAz + . . ., &c. 

[By successive applications of Ex. 11, the locus is easily seen to be a 
great circle.] 

13. Describe a triangle having its vertices on three given great circles, 
and its sides passing through three given points. 

(See £x8. 7 and 8.) 

14. In a given spherical polygon inscribe another of the same number of 
sides, so that each side may pass through a given point. 



Spherical Involution. 

146. Those who have read plane geometry will be 
aware that if from a fixed point 0, on a right line, 
lengths OAy OA'; OBy 05', &o., be measured off in pairs 
such that 

OA , 0A'= OB . 0J5'= OC. OC'^ &c. = «' ; 

when K is some constant quantity, then the system of 
points will be so related that the anharmonic ratio of any 
four of them will be equal to the anharmonio ratio of 
their four conjugates {A being conjugate to A\ B to ffy 
&c.). Such a system of points is said to be in involution, 
and from this point of view spherical involution will pre* 
sent no difficulty. 

Belliiltloii. — If three pairs of points, Aj A'; By B"; 
Cy Cy on a great cirde, be such that the anharmonio 
ratio of any four (not being two pairs of conjugate 
points) is the same as that of their four conjugates (the 
relative order of the two sets being the same), then every 
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set of four will possess a similar property. Three such, 
pairs of points are said to be in Spherical Involution. 




Fig. 63. 

147. If fl, a'; fi, h\ &o. (fig. 53), be a system of points in 
involution on a right line, and if Of be taken equal to k 
(where ir = Oa. Oa')y the point /, being its own conju- 
gate, is called a FocuSy or Double Point, and is called 
the Centre of the involution. Now if OAB be a great 
circle on a sphere, the plane of the circle coinciding with 
the plane of the paper, Oa a tangent to it at 0, the pencil 
joining S, the centre of sphere, to a, a; 6, b\ &c., is in 
involution, since the anharmonio ratio of any four of its 
rays is the same as that of their four conjugates. Again, 
the anharmonio ratio of any four of the rays of this pencil 
is the same as that of the four points in which they inter- 
sect the great circle.* Therefore the points A, A'; B, B\ 
Ac, in which this pencil meets the great circle, are sucli 

* If Aj By C, D be these points of section, both ratios are equal to 

nxnBCsaiAD 
sin AB sin CD' 

H2 
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that the anharmonio ratio of any four of them is equal to 
that of their four conjugates ; that is, they form a system 
in involution. 

The ray 8f to the focus / is called a Double Itai/y or 
Focal Ray. It obviously meets the great circle in a point 
Fy which is its own conjugate, which is therefore called a 
FocuSy or Double Pointy of the spherical involution. So, 
also, as in piano j the point is termed the Centre of the 
spherical involution. 

To the system of ^points a, 6, &c., corresponds a similar 
system on the opposite side of 0, having a focus/" such 
that Of'= Of=K. Similarly, on the sphere to the system 
Ay By Cy &c., will corrcspoud a similar system, which are 
the reflections of them with respect to the diameter OSy 
having a focus ^4 such that OFi = OF, Thus on the 
sphere there are four fociy viz., Fy Fiy and their diametri- 
cally opposite points, F^y jPa, and /our centres of involution, 
viz., 0, Oa, Osy O4, the points bisecting the angular dis- 
tances between the foci. 

The pencil of great circles joining any point on the 
sphere to a system of points in involution forms a pencil 
in involutiony since obviously it is such that the anharmonio 
ratio of any four of its rays is equal to that of their four 
conjugates (Art. 137). 

If the radius of the sphere be unity, we have 

Ofl = tan OAy Ob » tan OJ?, &o. ; 
and hence, in a spherical involution, 

tan OA tan 0^'= tan OB tan 0B'= &c. = tan' OF. 
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Examples. 

1. The point conjugate to the centre of an involution is 90° distant 
from it. 

2. Any great circle drawn across a pencil in involution is 'cut in a system 
of points in involution. (Art. 137.) 

3. Any pair of conjugate points such as ^, A' are harmonic conjugates 
with respect to any pair of foci not diametrically opposite. 

4. Three pairs of points having a common pair of harmonic conjugates 
form a system in involution. 

[£z. 3 and 4 follow at once from the corresponding properties on the 
line.] 

5. The six arcs drawn from any point on the surface of the sphere to the 
intersections of the sides of a spherical quadrilateral form a pencil in in- 
volution. 




Fig. 54. 

[Let P (fig. 64) be the point, ABCDEF the quadrilateral. Then 

P. BACF=A . BPCF= A . £PCD. 
Hence F.BACF=F, DCAE ; therefore, &c.] 

6. Any great circle drawn across the sides and diagonals of a spherical 
|uadrilateral is cut in involution. 
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CHAPTER XII. 

THE SMALL CIRCLE. 

Section I. 
Introductory. 

148. Theorem. — If a spherical polygon of any even 
number of sides be inscribed on a small circle^ and if from 
any point on the circle perpendiculars p\yP2y . . . Pin be 
drawn to the sides eii, (72, . . • (hnj respectively, then 

8injt)2 sin;?! . • . Binj»2» cos ^eii cosies . . . oosiflf^n-i 
sin;?! sinj^s . • • sinjOan-i cos J ^2 cos ^ ^/4 . . . cosjOi,, ^ 

that is, the continued product of the sines of the even per* 
pendiculors bears a constant ratio to the continued product 
of sines of the odd perpendiculars, as moves round the 

o 
-B.^ := :::^P 




Fig. 55. 

circle. Denote the angles which the sides ^i, e72, &c., sub- 
tend at by Oi, O2, &c. The triangle BOC gives 

sin O^sin OC sin O2 = sin 02 sin;>2. (1) 
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But if i2 be the oiroumradius of any triangle, we have, by 
Art. 83 (4), 

2tani2 oos^a oos^6 oos^c = sina -^ sin^. 

Therefore (1) beoomes 

sin OB sin OC = 2 tan R cos J OB cos i OC cos J ^2 sin p% ; 

or, 2 sin J OB sin J OC = tan R cos ^ ^2 sin Pi. 

Similarly, 2 sin J OD sin i 0^ = tan R cos J a* sin ^4. 

&c. = &c. 



Writing down the corresponding equations for the odd 
sides and perpendiculars, and noting that the continued 
product of the left-hand members is the same for each set, 
we find 

sinjPgsin^i . . . sinjP2n cos^^i cos^aa . . . cos J«a«_i 
sin^isinjOa . . . 8injt?2n-i cosifljcosjai . . . QO^^a^n 

Cor, 1. — If the polygon be regular, the product of the 
sines of one set of perpendiculars is equal to the product 
of the sines of the other. 

Cor. 2. — If a spherical quadrilateral be inscribed in a 

circle, 

sin Pi sin pi cos ^ ^1 cos ^ a^ 

sin pi sin pz cos i a, cos ^ a^' 

Cor. 3. — If we suppose two opposite sides, Oj, «4, of the 
quadrilateral to coincide, the other sides, ai, Os, become 
tangents to the circle, the coincident sides being their 
chord of contact, c, and 

sinjOi sinjE?8 ai 

— v-= — ^— = cos' 5 c. 
sm'^j 
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Hence^ if ttoo tangent great circles be drawn to a small 
circle^ the ratio of the product of the sines of the perpen- 
diculars from any point of the circle on the tangents^ to the 
square of the sine of the perpendicular on their chord of con- 
tact^ is constant^ and equal to the square of the cosine of half 
the chord of contact. 

Cor. 4. — By supposing two consecutive vertices of the 
polygon to coincide, we obtain a theorem for a polygon of 
an odd number of sides. 

Cor. 5. — ^If we suppose a hexagon reduced to a triangle 
by the coincidence of its vertices in pairs, we have 

product of sines of perps. on tangents at verticeB , , . , 

' 3 , : , = TT ascosjaooejft oos^^; 

product of sines of perps. on sides « « « 

and for a polygon of n sides this ratio is equal to 
cos ^ Ui cos ^ 0% cos ^ (78 . . . cos \ an* 
Cor. 6. — In planOj we have 

PiPzPi . . . J»«fi-i =P2Pi ... Pin- 
lid. All the results of the foregoing Article may be 
deduced from Cor. 3 ; and, as it is of considerable import- 
ance, we append the following simple proof of it : — ^Let 
tangents be drawn at the vertices, A^ JS, of a triangle to 
the circumcircle, and let the perpendiculars from C on the 
tangents, and their chord of contact, c, hepup^yPj respec- 
tively. Then, if H be the pole of the circumcircle, we 
have 

sin j»2 _ cos CBH ^ cos {8- A) 
sin j9 sin B sinB ' 
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Similarly, 

sinjE?! co8(S--B) 

sinj? sin^ 

Therefore 

sin 01 sin 2^2 0O8(S--4)co8(i8-jB) ,, 

— ^^—2 — ^ = — ^— = — j-^-^ = ^^ 1 0- 

Remark, — By drawing tangents at the vertices of a 
quadrilateral inscribed in a small circle Cor. 2 easily 
follows ; and similarly we may obtain the other results 
in Art. 148. 

Deflnitlon. — The anharmonic ratio of the pencil join- 
ing anyj variablcjf point on a small circle to four fixed 
points on it is] called the Anharmonic Eatio of the four 
points. 

150. Theorem. — The anharmonic ratio of four fixed 
points on a email circle is constant. 

o 




Fig. 66. 

Let Ay B, Cj D he the fixed points ; any variable 
point oUj the circle. Then the triangles 50C and -4 0Z> 

give us 

sin OB sin OC sin BOC = sin BC sini?2, 
and 

sin OA sin OB sin A OD = sin AD sin j»4, 

where p^ and Pi are the perpendiculars from on the 
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sides BC and AD, If pi and p^ be the perpendiculars on 
the remaining side, we will have, by writing down, for 
the triangle AOB and DOC, the expressions correspond- 
ing to the above, 



(1) 



sin BOO sin AOB sin BC sin. AB sin jOj sin JO4 
sin AOB sin COB sin AB sin CB sinjoi sin JO3 

But by Art. 148, 

sin JO2 sin pi cos i AB cos | CB 
sinjOi sin j93 cos ^ BC cos ^ -4i>' 

Therefore, by substituting in (1) and reducing, 

sin BOC sin AOB sin j J3C sin j AB 
sin -40-B sin 00i> ~" sin i AB sin I CB ' 

that is, the anharmonic ratio of four fixed points on a small 
circle is constant. 

Cor. — In the same manner we have, generally, using 
the notation of Art. 148, 

sin O2 sin d ... sin Og^ sin^Ossin^ai . . . sin^atn 



sin Oi sin O3 ... sin Otn-i sin ^ a^ sin ^ ^3 . . . sin ^ a^n^i 



Examples. 

1. Fetseata Theorem on the Sphere. If a spherical hexagon be inscribed in 

a smaU circle, the intersections of the opposite sides, yiz., 1 and 4, 2 and 6, 

3 and 6, are concyclic. 

[Proof, as in piano."] 

2. Show, from Ex. 1, that if a pentagon be inscribed in a small circle, 
and a tangent be drawn at one angle to meet the opposite side, and if the 
sides containing that angle be produced to meet the remaining pair of sides, 
the three points of section so formed lie on a great circle. 
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3. If a quadrilateral be inscribed in a small circle, tangents at tbe ex- 
tremities of either diagonal intersect on the third diagonal. 

[A particular case of Ex. 1.] 

4. The tangents to a small circle at the vertices of an inscribed tiiangle- 
meet the opposite sides in three points, which are coney clic. 

5. The sixty great circles corresponding to the sixty Pascal's lines, in 
planOf which result from taking six points in any order, as the vertices of a 
hexagon inscribed in a circle, consist of twenty concurrent triads. 

6. If two triangles, ABC, A'B'C, be inscribed in a small circle, any two 
sides, AB and A'B', are divided equianharmonically by the remaining^ 

four. 

[For C.A'BAB' = C'.A'BAB"; therefore, &c.] 

7. If three great circles be drawn from a point cutting a given small 
circle, show that the pencil joining any point on the small circle to the six 
points of section is in involution. 

8. A great circle drawn to meet a small circle, and the sides of a quadri- 
lateral inscribed in it, is cut in involution. 

{a) The points where the transversal meets the diagonals belong to the 
involution. . 

9. If the angular points of a quadrilateral inscribed in a small circle- 
form a harmonic system of points, prove that the product of the sines of 
the halves of the diagonals is equal to twice the product of the sines of the 
halves of a pair of opposite sides. 

10. If 5 be the angular distance of a fixed point, 0, from the pole of a 
small circle of spherical radius, a, prove that the angular distance, p, of any 
wiable point on the circle from 0, is connected with the perpendicular, pr 
from 0, on the tangent to the circle at the variable point, by the equation 

cos p + smp tan a = cos ty 

where t is the tangent from the fixed point to the circle. 

A . . A 

[cos 5 = cos p cos a + sinp sin a cos pa. But sin j9 = sin p cos pa ; 

therefore cos 5 = cos p cos a + sin a sin p, &c.] 
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Sbction II. 
Theory of Poles and Polars. 

151. Definitions. — If on any spherical radius of a 
fimall circle two points be taken, such that the product of 
the tangents of their angular distances from the pole of 
the circle is equal to the square of the tangent of its 
angular radius, then a great circle, perpendicular to the 
radius through either point, is called the Polar of the 
•other, with respect to the circle, and each point is termed 
the Pole of the perpendicular through the other.* 




Fig. 67. 

Thus if P (fig. 57) be the pole of a small circle of spherical 
radius, r, and if and 0' be two points on a great circle, 
through P, such that 

tan PO tan PO' = tan' r, (1 ) 

then the great circle TTy through C, perpendicular to 
OP, is the polar of 0, and is the pole of TT\ with 

* The terms *' pole" and ** polar" thus applied need not give rise to any 
ambiguity of expression, notwithstanding that they have been defined in 
a different sense in Art. 4. In that Article the point and circle are pole 
and polar, with respect to one another; here they are pole and polar, ti^t^A 
"etpeet to the small eirele. 
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respect to the small circle ; similarlj, ffy and a great circle 
through 0, perpendicular to OP^ are pole and polar. 
The great circle OP is termed the Polar Axis of 0, and 
the foot of the perpendicular from P, on any great circle, 
is called the Polar Centre of that circle, with respect to 
any small circle described with P as pole. 

Two points, so situated that each is on the polar of the 
other, are called Conjugate Points, Thus the polar of a 
point is the locus of the entire system of its conjugates,, 
and the polar centre of any chord of a circle is at its 
middle point. 

In general, if three points be situated on a great circle 
in any manner, with respect to one another, any one of 
them may be defined as the pole of the perpendicular to- 
the great circle through either of the others, with respect 
to a small circle (real or imaginary) described round the 
third as pole. The radius of the circle being given by 
equation (1) will be real or imaginary, according as 
tan PO tan Pff is positive or negative ; and this in turn 
depends on the magnitudes of PO and PO', and also on 
the relative positions of and O', with respect to P — ^two- 
arcs being affected with opposite signs if measured in 
opposite directions. 

Before entering into the two cases thus presented, we 
shall first show that the polar of a point, with respect to 
a circle, passes through the points of contact of the 
tangents from the point to the circle. Join 7 to and P 
(fig. 57). Then since tan PO tan Pff = tan' PT, it f oUowa 
that the angle PTO is right ; and therefore OT touches 
the oircle at T. Hence the polar of a pointy with respect to- 
a small circle j may he regarded as the spherical chord of con'- 
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tact of the tangents from the point to the circle. Prom this 
point of view the student may easily investigate the rela- 
tive positions of and C, with respect to P, as PO and 
PCy vary in magnitude, the circle remaining real. 

The following Examples will be found to contain the 
most important cases : — 



Examples. 

1. If and 0' are on the same side of P, the circle will be real when PO 
and PO' are each less than, or each greater than, a quadrant ; and imaginary 
when either is less than a quadrant, the other being greater. 

2. If and 0' are on opposite sides of P, the circle will be real when 
•either PO or PO' is less than a quadrant, the other being greater ; and 
imaginary when they are each less than, or each greater than, a quadrant. 

3. In Ex. 1, the points and 0' being on the same side of P and PO and 
PO' , each gi'eater than a quadrant, and are both outside the circle, and 
are diametrically opposite to the case in which PO and PO' are each less than 
-a quadrant, in which case one is inside, and the other outside, the circle. 

4. When is on the circle 0' it coincides with it, and the polar becomes 
the tangent at the point. 

5. When coincides with P, PO' is a quadrant ; and thus the polar of y 
with reepeet to any email circle described round it, is the great circle, of which 
P is the pole. 

6. If one point is inside the circle the other is outside it. 

7. The points in which PO meets the circle are harmonic conjugates, 
with respect to and 0'. 

[For tan PO tan PO' = tan* r.] 

8. If two small circles intersect each other orthogonally, their common 
xjhord is the poUr of the spherical centre of either, with respect to the other, 
imd conversely. 
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Ill 



9. If ^'and B be two points (fig. 58), and if from A a perpendicular, 
AMfhe drawn to the polar of J9, and from B a perpendicular, BN, to the 
polar of A, prove that 

onAM _ smFB* cosPA 

sin BN " sinPA' iiosrji* 

vhere F is the pole of the small circle, and A' and B' the points where the 
polars of A and B meet FA and FB. 

JLet ^Jf and PJ9 meet in Q, then QM-QB'^dO"*; and if BIf&nd FA' 
meet in B, £N^ = i2^' « 90'. Therefore 

sin^Jf cos^Q cos FA cos FQ (1 -f tan FA tan PQ cos P) 
sin^iV ~ coTbB " cos FB cosPi?(l + tan P^ tanPi? cosP)' 




'A_ 



:/. 



— . ^ a' ■•• ■<• \ .^i' 






But 

tanP^ tan PQ = tan P^ tan Pfi, since tanP-4 tan P^' = tan PB tan PB*. 

Therefore 

sin AM cos FQ cos P^ sin FB' cos P-4 



:•] 



sin BN cos Pi? cos PB sin FA' cos PB 
210. Show that Ex. 9 reduces, in planoy to Salmon^s Theorem. 

[We have 

AM _ FB' FA 
BN " FA'"^ FJj' 



-since 



FA. PA =FB.FB\'] 



112 The Small Circle. 

11 . If , in Ex. 9, the point J9 be on the circle, show that 

sin^lT eosP^ , , , 

. p,, = . p .. tan r = constant, 
sin BN sm PA 

Henee the sine of the perpendicular from any fixed point {A)f on a variable 
tangent to a email circle, bears a constant ratio to the sine of the perpendicular 
from the point of contact {B) of the tanffenty on the polar of the fixed point (A)^ 
with respect to the circle, 

12. From the veitices of a polygon circumecribed to a small circle per- 
pendiculars are drawn to any variable tangent to it ; prove'that the con- 
tinued product of their sines bears a constant ratio to the continued product 
of the sines of the perpendiculars from the point of contact of the Tariabl& 
tangent on — 

(1) The sides of the inscribed polygon fonned by joining the points of 
contact of the circumscribed polygon. 

(2) The sides of the circumscribed polygon. 

[Apply Ex. 11, and Art. 148, Car, 5]. 

13. In the case of a polygon of an even number of sides circumscribed 
to a small circle ; prove that the continued product of the sines of the per- 
pendiculars, from the even vertices on any variable tangent, bears a constant 
ratio to the product of the sines of the perpendiculars from the odd vertices 
on it ; and, if 5i, 82» 's • • - Szn be the angular distances of the vertices 
from the pole of the small circle, this constant ratio is 

sin 82 sm $4 . . • sm Z^m 



smSismSs . . . sm8tn-i 
[Apply Ex. 11, and Art. 148]. 

14. If 5i, 92, ... 8n be the angular distances of the pole of the circle in 
Ex. 12 from tlie vertices of the circumscribed polygon, and dud% , . , dn 

« 

its angular distances from the sides of the inscribed polygon; show the 
ratios (1) and (2) ol that example are, respectively — 



II sin 2 9i sin 2 $2 ••- sin 2 811 ) 
^' \isin2<fisin2<f2. . .ain2a;'j 



[ sin 2 81 sin 2 82 • • 


. sin28ii 


1 sin2<fisin2<f2 • • 


.w^2d^ 


sin 81 sin 82 sin 83 . 


. . 8in8ii 



(2) 

^ ' 8in"r 
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1 5. If two polygons be reciprocal polars to each ether, with respect to a 
circle (t. e, such that each vertex of either is the pole of a side of the other) ; 
then the product of the sines of the angular distances of any point on the 
circle, from the n sides of either, bears a constant ratio to the product of the 
sines of the angular distances of the vertices of the other, from the tangent 
at that point. 

152. Theorem. — If A and B be two points on a sphere y 
and if the polar of A passes through B ; theti the polar of B 
will pass through A. 




Fig. 69. 

Let A'B (fig. 59) be the polar of A passiiig through B. 
Join PB^ and draw AB^ perpendicular to PB. Then^ 
sinoe the angles at A^ and B^ are right, we have 

tan P-4' = tan PJB cos P, and tan P5' = tan P^ cos P. 
Therefore 

tanPP . tanP5' = tan PA . tan PA' = tan*r; 

and hence AB" is the polar of B. 

Examples. 

1. If a point moves along a given great circle, its polar turns round » 
fixed point, viz. the pole of the given great circle. 

2. If two points A and B be given, and if their polars intersect in G; 
then AB is the polar of C. 

[For, by this Article, since the polar of A passes through C, the polar of 
C must pass through A, and similarly it must pass through B]. 

PART II. I 
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Henee the arc of connexion of two points is the polar of the intersection of 
the polars of the points. And again, the intersection of the poiars of two 
points is the pole of the arc of connexion of the points. 

3. If througli any point a secant be drawn cutting a small circle, the 
tangents at the points where it meets the circle intersect on the polar of the 
point. 

4. If four points Aj By C, D]ie ona. great circle, their anharmonic ratio 
is equal to the anharmonic ratio of their four polars. 

[For the polars pass through a point, viz. the pole of the great circle, and 
they are perpendiculars from this point to the arcs joining P, the pole of 
the small circle to A, B, C, D. Therefor^, &c., by Art. 137, Cor. 4]. 

Hence, if four points form a harmonic row, their four polars form a har^ 
monie pencil. 

5. The locus of the intersection of tangents to a circle, at the extremities 
of a variable chord, which passes through a fixed point, is the polar of the 
point. 

6. If two triangles are such that each vertex of one is the pole of the 
corresponding side of the other ; then reciprocally each vertex of the latter 
is the pole of the corresponding side of the former ; and the same holds 
generally for two polygons, or, more generally still, for two curves, such that 
the tangent at any point of one is the polar of the corresponding point of 
the other. 

7. Show that — 

(a) When two points (or great circles) are conjugate, so also are their 
polars (or poles). 

(j3) The common conjugate of two points is the point of intersection of 
their polars, t. e. the pole of the great circle joining them. 

(7) Every two conjugate points, with the pole of the great circle joining 
them, determine a self -reciprocal triangle ; and every two conjugate great 
circles, with the polar of their point of intersection, determine a self-recipro- 
cal triangle. 

Definition. — A triangle such that each side is the polar of the opposite 
vertex is said to be Self- Reciprocal or Self- Conjugate with respect to the 
small circle. 
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153. Theorem. — Any secant drawn through a fixed 
point across a small circle is cut harmonically by the circle, 
the point, and the polar of the point with respect to the circle. 

Let a secant through (fig. 57) meet the circle in M 
and Ny and the polar of in iJ. Denote the perpendi- 
cnlars from M on OT, 0T\ TT' byjo,, jt?2, J», respectively, 
and the corresponding perpendiculars from N by i^i, ^2, ^. 
Then by Art. 149, 



sin Pi sin pi sin' p 
sin tji * sin ^2 sin* to' 



(1) 



But 8in^.^6ina|^8m^, 

sinwi sin ON Biazsz ^ ^ 

Therefore, by (1), 

sin p sin pi sin pz 

sin -a sin TOi sin zs^ 
That is, 

sin jB^ sin OM ^ 

sinieiVr = sin OJV^' 

or the arc -JfiV is cut internally at iJ, and externally at 
in the same ratio of sines ; therefore, &c. 

Examples. 

1. If through a fixed point a variahle secant be drawn, cutting a circle 
in M and N; and if J2 be taken, the harmonic conjugate of with respect 
to M and N, the locus of JS is a great circle, yiz. the polar of 0. 

2. If from any point tangents be drawn to a small circle, the points of 
contact Ty T, and the points of intersection JIT, Ny of any secant from O^ 
form a harmonic system of points. 

[Let X be any point on the circle ; then by Art. 160, X. TMTXes 
T. TMT'N= T, OMRy, which is harmonic]. 

12 
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3. If the Tertices of a quadrilateral lie on a small circle, the extremities 
of its third diagonal and the intersection of its other diagonals are three 
points, such that the arc joining any two is the polar of the third, with re- 
spect to the ciicle. 

[This follows from the harmonic properties of a complete quadiilatendy 
discussed in Art. 143.] 

4. If four points on a circle form a harmonic system, the arc of connexion 

of any pair passes through the pole of the arc of connexion of the other 

pair. 

[Apply Ex. 2]. 

5. If tangents be drawn at the vertices of a quadrilateral, inscribed in a 
small circle, they form a circumscribed quadrilateral, and intersect in six 
points which lie in pairs on the sides of the self-conjugate triangle, referred 
to in Ex. 3. 

6. The diagonals of the quadrilaterals, inscribed and circumscribed, in 
Ex. 5 are concurrent, and form a harmonic pencil. 

7. The extremities of the third diagonals of the two quadrilaterals in 
Ex. 6 lie on a great circle, and form a harmonic row. 

8. If two triangles be self -conjugate with respect to a circle, any two sides 
are divided equianharmonically by the four remaining sides, and any two 
vertices are subtended equianharmonically by the four remaining vertices. 

[Apply Ex. 4, Art. 152]. 

9. If two triangles be such that the sides of one are the polars of the- 
vertices of the other, they are in perspective. 

[Proof as in piano ^ for which see Townsend's Modem Geometry ^ voL i.^ 
Art. 180, or Casey's Sequel to JSuelid], 

10. Any four fixed tangents to a small circle are cut by a variable fifth 
tangent in four points, whose anharmonio ratio is constant. 

[The pencil joining the point of contact of the variable tangent to the 
points of contact of the fixed tangents has a constant anharmonic ratio ; but 
the arcs forming this pencil are the polars of the points in which the varia- 
able tangent cuts the fixed tangents; therefore, &c., by Ex. 4, Art. 152.] 

11. Hence any two fixed tangents to a small circle are cut homograph- 
ically by a variable tangent 
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12. If a hexagon be described about a circle, the three arcs joining the 
opposite angular points will be concurrent. (Brianchon's Theorem.) 

[The arcs joining the points of contact form an inscribed hexagon ; and 
therefore, by Art. 150, £x. 1, the intersections of its opposite sides are 
concyclic ; but these sides are the polars of the opposite vertices of the 
circumscribed hexagon ; therefore their intersections are the poles of the 
connectors of its opposite vertices ; and since they are concyclic, it follows 
that their polars, viz., the connectors of the opposite vertices in question, 
are concurrent.] 

13. If a great circle drawn across two small circles meet, one in a pair of 
conjugate points with respect to the other ; then it meets the latter in a pair 
of conjugate points with respect to the former. 

154. The Polar Circle. — If the perpendiculars of a 
triangle meet the opposite sides in points X^ Ty Z, and 
if be the orthocentre, it is easily shown that 

tan OA tan OX = tan OB tan OF = tan 00 tan OZ. 

Hence, if a circle be described with as pole, and an 
angular radius, p, given by the equation 

tan'/o = tan OA tan OX = &c., 

the triangle ABC will be so situated, with respect to it, 
that each side is the polar of the opposite vertex. The 
circle thus constructed is called the Polar Circle of the 
triangle. Thus any triangle is self- conjugate with re- 
spect to its polar circle. 

As the parts of a triangle may each have any value 
between zero and tt, the polar circle may be real or 
imaginary, whether the orthocentre lies inside or outside 
the .triangle. The expression of the following Article, for 
its radius, shows that it is real or imaginary according as 
an odd or an even number of the parts of the triangle 
exceed 90°. 
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The Small Circle. 



Examples. 

1 . The polar circle of any triangle is also the polar circle of its three co* 
lunars. 

2. The vertices A^ B^ C^ of the triangle ABC, are the spherical centres 
of the polar circles of the triangles BOCy COA^ AOB, 

3. The polar circle of the triangle ABC^ and the polar circles of BOC^ 
CO Ay AOB, cut each other orthogonally. 

[For -BFis the polar of A, with respect to the circle round C\ and alsa 
the polar of C, with respect to the circle round A. Therefore, &c., by 
Art. 151, Ex. 8.] 

4. The angular radius of the polar circle of any triangle is the comple- 
ment of the angular radius of the polar circle of its polar triangle, and the 
latter circle is identical with the polar circles of the polar triangles of th» 
colunars of the given triangle. 

155. Problem. — To find the angular radius of th$ polar 
circle of a given triangle. 

Let ABO be a given triangle (figs. 60, 61), X, Tj Z 
the feet of the perpendiculars drawn from the vertices on 
the opposite sides ; the orthocentre. 

c 





Fig. 60. 

Then we have 

tan PC 
tan ex. 



= sec OCX 



Fig. 61. 



tana 
tan CZ' 



(1) 

[Art. 44.] 
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, tan OZ tan OAZ tan BX cos A ,^. 

Multiplying (1) and (2) together, we obtain 

tan OCtan OZ _ tan -BX tan a cos^ 
tanCZtanCZ" 2 iV tan CZ 

Hence, 

x^xvi ^r^ tana tanJ5XtanCXco8-4 
tan OC tan OZ = 



or tan' o = - 



2N 

tan g tan h tan c oos ^ oos B oo^C ^ 

2N 

[Art. 44 and Art. 36, Ex. (2).] 



Examples. 

1. The radii pi, p2t pz of the polar circles of the triangles BOC, COA^ and 
AOB are given by the equations 

tan- p\ — tan h tan c cos Ay 
tan' />3 = tan c tan a cos j9, 
tan' />s = tan a tan h cos C 

[For tan'/>i = tan -4rtan-4(7 (fig. 60) = tan -4(7 tan -4^ cos -4.] 

2. Pro?e that cos'pi » , with similar relations for cos* pa and 

'^ cosa ' 

coe'ps. 

[sec' pi = 1 + tan' pi = 1 + tan h tan o cos -4 (Ex. 1) 

cos h cos <; + sin ^ sin <? cos A cos « ., - « -, 

= ; = ; ; therefore, &c.j 

cos b cos e cos o cos e 

3. Prove that 

cos a cos pi = cos 3 cos p% — cos c cos ps = (coe a cos h cos <;}i. 

* The negative sign is attached, for when Ois inside the triangle (iig. 60),. 
OC and OZ are measured in opposite directions from ; and when is out- 
side the triangle (fig. 61), we have tan CX = - tan A cos C. 
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4. The polar circles, pi, f>2, ps intersect at right angles. 

[From Ex. 3, cos a cos b cos p\ cos f>2 = cos a cos & coe e ; 
hence cos e = cos pi cos pz ; and since e is the arc joining the 

poles of one pair of circles whose radii are pi and p2 ; therefore, &c.] 

5. ProTe the formula 

tan^ p3 + tan^ ps + tan^ pa tan' ps s tan' a, 
tan' ps + tan' pi + tan' ps tan' pi = tan' by 
tan' pi + tan' ps + tan' pi tan' ps = tan' e, 

[From Ex. 4 we have sec' a = sec' pa sec' ps ; 

hence 1 + tan* a = (1 + tan* ps) (1 + tan' ps). 

Or thus : 

tan'ps = tan a tan^X, and tan' ps = tan a tan CX\ also tan a = tan(^Z + CX) ; 
therefore, &c. 

6. Prove that 

tan'p 

7. The cosine of the distance between two conjugate points is equal to 
the product of the cosines of the tangents drawn from the points to the small 
circle. 

\A and B are conjugate points, with respect to the polar circle of the tri- 
angle, and the tangents from them to it are pi and ps ; and by Ex. 4 we 
have cos c = cos pi cos ps. 

For analogue, in piano, see Townsend's Modet-n Geometry , Art. 167.] 

8. If t denote the tangent from a point midway between two conjugate 
points, the tangents from which are ^i and ^s* prove that 

. , ^ sin' ti + sin' h 

tan' t = ; 

(cos h + cos ^s)' 

and state the analogue in piano. 

[Let M be the middle point of AB ; then, by Art. 42, 

cos ^ + cos BO = 2 cos AM cos OAT. 

Therefore cos h + cos ^2 = 2 cos J AB cos t ; 

or 

(cos t\ + cos ^2)' 

r-- t= 2 cos' * AB = 1 + cos AB = 1 + cos h cos h lUheref ore, &c. ] 

Analogue in piano is 4 <' = ^1' + t^ ; or < = \AB. 
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9. If A and B are two conjugate points, Z the polar centre of AB^ and tz 
the tangent from Z to the polar circle, prove that 

sin* tz = tan AZ tan BZ. 



[For (fig. 60) 


tan^Z=tan^CZsinCZ; 


and 


tan 3Z = tan BOZ sin OZ. 


Therefore 




tan^Ztan^Z = 


sin CZsin OZ sin CZ sin OZ 1 


cos CO "^ cos [OZ-^ CZ) " cot C7Z cot OZ + 1* 


which, by Art. 161, 


— . — Rin^ /„ T 


1 + cot^ h -■ 




Section III. 



Coaxal Circles, Radical Axis, and Radical Centre on the 

Sphere. 



156. Radical Axis. — To find the locus of a point, such 
that arcs drawn from it to touch two small circles shall be 
equal. 





Fig. 62. Fig. 63. 

liet be any position of the point (figs. 62, 63), P and 
P' the poles of the small circles, r and r their angular 
radii. 
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Then cos OT = cos OP -r cos r ; 

also cos OT' = cos OF^ .^ cos /. 

Therefore, if OT = 0T\ 

cos OP cos r 



we have 



cos OP' cos /' 



Hence in the triangle POP' we are given the base PP'j 
and the ratio of the cosines of its sides ; and therefore the 
locus of its vertex, 0, is a great circle, perpendicular to 
the base, at a point i2, such that 

cos OP cos RP cos r 
cos P' cos MP cos r'' 

(Art. 56, Ex. 11.) 

This circle (Art. 43) obviously coincides with the arc 
joining the points of intersection of the given circles in 
case they cut each other, and with the tangent at their 
point of contact in case they touch. It may also be 
regarded as the arc joining their imaginary points of 
intersection if they do not cut each other in real points 
(fig. 63). 

The great circle, ORy from any point of which the tan- 
gents to two small circles are equal, is called the Radical 
Axis of the circles; and a system of circles having a 
common radical axis is termed a Coaxal System. 

Thtia the radical axis of two circles is the great circle join^ 
ing their points of intersection [real or imaginary) ; and a 
coaxal system of circles is a system having two common 
points {real or imaginary). 

Cor. 1. — A circle having any point, 0, on the radical 
axis for pole, and one of the equal tangents, OTy for 
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spherical radius, will out both the given circles ortho- 
gonally ; and conversely, every circle cutting both circles^ 
orthogonally will have its pole on the radical axis. 

Cor. 2. — The radical axis bisects each of the common 
tangents to two circles. 

157. Radical Centre. — The radical axes of three given 
small circles^ taken in pairs ^ are concurrent. 

By the application of Art. 43 it follows exactly as in 
planoj that the arc joining the intersection of the radical 
axes of two of the pairs to one of the common points of 
the third pair must pass through their other common 
point ; therefore, &c. 

The point of concurrence of the radical axes of three 
circles taken in pairs is called their Radical Centre, and it 
lies either within all three or without all three. 

Cor, 1. — Hence we can describe a circle to cut any 
three circles orthogonally, its pole being their radical 
centre. 

Cor. 2. — If any circle cut a coaxal system of circles, tho 
spherical chords of intersection of it, with each of the 
circles, will all pass through a point on the radical axi& 
of the system. 

Example. 

The three arcs drawn through the vertices of a triangle hisecting its area 
are concurrent. 

[Let the arcs meet the sides a^hj cm points X, Y, Zy respectively. Then, 
hy Art. 101, the points Xand File on a small circle passing through the 
points A\ B\ diametrically opposite to A and £. Similarly, Y and Z lie on 
a circle passing through B' and C, and Z and X lie on a circle passing 
through C* and A'. Thus we have three small circles intersecting in X, Y, Z, 
A'f £\ C' ; and their radical axes being A'X, B'Y, C'Z^ are the bisectors 
of the area of ABC] 



124 The Small Circle. 

158. liimfting Points. — Any circle cutting two given 
-circles orthogonally passes through two fixed points on the arc 
joining their poles. 

Let (fig. 63) be the pole of a circle cuttiDg two drolee 
orthogonally, and let it intersect PP" in L and L'. Them 
we have already seen that is on the radical axis, and 
OT o OL. Therefore 

cos RP cos OP 
cos EL cos OT 

Hence the distance RL (= RU) is independent of the 
position of on the radical axis, and is equal to the tan- 
:gent from R to either of the circles. 

The points L and L\ through which all circles ortho- 
gonal to both the given circles pass, are called their 
Limiting Points, since they may be considered as a pair 
of infinitely small circles coaxal with the given ones. 

Cor. 1. — If a system of circles be cut orthogonally by 
two circles, it is a coaxal system. 

Cor, 2. — The system of circles orthogonal to a given 
•coaxal system is also a coaxal system, and the two systems 
are related as follows : — 

(a) Every circle of one system cuts orthogonally every 
circle of the other system. 

(j3) Every circle of one system passes through the 
limiting poiots (real or imaginary) of the other system. 

(7) The limiting points of one system are the common 
points of the other. 

(S) If the limiting points of one system are real, the 
limiting points of the other are imaginary. 
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(c) The poles of either system lie on the radical axis^of 
the other. 

159. Fandamental Theorem. — If from any point 
tangents he draicn to two small circles, the difference of their 
cosines bears a constant ratio to the sine of the perpendicular 
from the point to the radical axis. 




Fig. 64. 

Let P and P' (fig. 64) be the poles of the given circles^ 
r and r' their angular radii, S and ^ the angular distances 
OP and OP". Then the triangles ORP and ORF give u& 

cos 8 = cos PR cos OR - sin PR sin^?, 
and 

cos 8' = cos PR cos OR + sin P^R sin^, 

since sin ^ a sin OR cos OUP'. 

Multiplying the first of these equations by cos 7*\ and 
the second by cos r, and remembering that 

cos r cos P^R = cos / cos PR, 

ft 

we find, by subtracting, 

eiup (sinP-Rcos / + sin P'lZcos r) » cos r cos S's- cos r'cos S 

cos 8N 



oosroosr 



, /COSS C0S8\ // ^/ 2^ 

' > =cos r COS r (cos^ -cos t\ 

\oos r cos ry 
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But if 7 denote half the common chord of the two circles, 
it follows from Art. 40 (see fig. 62) that 

sin PR cos r' + sin PR cos r = cos y sin i), 

where D (= PP^) is the angular distance between the 
poles of the circles. 

Therefore 

cos ^ - cos ^ cos 7 sin D 

sin j!? cos r cos r ' 

160. Important Case of Fandamental Theorem. 

— If, in the foregoing Article, we suppose the point to be 
on one of the circles (P', suppose), we have t' = 0, and cos f 
= 1 ; therefore it follows that: — If from any point on 
one of two given small circles a tangent t be dratcn to the other , 
and a perpendicular p be let fall on their radical axiSy then 

sin* it , , cos 7 sin D 

— r-^— = constant = r: 7. 

sm^ 2 cos r cos r 

And conversely — The locus of a point such that the square 
of the sine of half the tangent from it to a given small circle 
bears a constant ratio to the sine of the perpendicular from it 
on a fixed great circle^ is a small circle j whichy with the given 
small circlCy has the great circle for radical axis. 

This theorem is of fundamental importance in the theory 
of coaxal circles on the sphere, many of their most impor- 
tant properties flowing directly from it. The student who 
is familiar with the corresponding properties in plane 
geometry will experience no difficulty in applying it to 
deduce the following corollaries : — 
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Cor. 1. — If tangents U, t, be drawn to two oiroles from 
any point on a circle ooaxal with them ; then 

sin ^ ^, : sin i 'i °= constant. 

And conversely — The locus ofapoint such that the sines of 

the halves of the tangenti drawn from it to two fixed circles 

are in a constant ratio is a circle coaxal with the given circles. 

[This may be easily proved directly]. 

Cor. 2. — The sine of half the tangent from any point to 
a circle of a coaxal Bystem varies as the sine of half its 
angular distance from a limiting point. 

Cor. 3, — If a chord of one circle touch another, the 
ratia .of the sines of the halves of its segments is equal to 
the ratio of the sines of the halves of the chords joining 
its extremities to a limiting point. 

Cor. 4, — If the ciroumcircle of a triangle ABC touch a 
given circle to which the tangents from A, B, C are ti, li, 
/»; then 

sin ^ a sin ^ ^, ■)- sin J d sin | ^, + sin ^ c sin | ^ = 0. 
[The limiting points coincide with the point of contact. 
Hence, applying Ptolemy's Theorem on the sphere (Art. 25, 
Ex. 6) to the quadrilateral formed by A, B, C and the 
point of contact, we obtam the required result by the aid 
of Cor. 2]. 
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Examples. 

1. If r\y Ti, rs be the angular radii of three coaxal circles; D23, Dn, Du 
the angular distances between their poles, prove the relation 

sin 2)23 cos ri + sin Dzi cos r2 + sin Du cos ra = 0. 

[Take any point, 0, on the radical axis, and let Pi, P2, -Ps be the poles of 
the circles ; then, by Art. 40, 

sin 7)23 cos OFi + sin Dsi cos OP2 + sin D12 cos OP3 = ; 

and since the tangents from to the circles are equal, this equation reduces 
to that in question.] 

Note. — The above equation may be regarded as a criterion of the co- 
axality of three circles. 

2. If a circle of radius, r, cut three coaxal circles at angles a, $, 7, show 
that 

sin 2)23 sin n cos a + sin Dsi sin r2 cos iS + sin J)i2 sin rz cos 7 = 0. 

[Let Di, 2)2, Dz be the angular distances of the pole of this circle from 
the poles of the given circle. Then 

cos Li = cos r cos ri -|- sin r sin r\ cos a, 
cos D2 = eos r cos r2 + sin r sin r2 cos iS, 
cos Da = cos r cos rs + sin r sin rz cos 7. 

Multiplying these equations by sin Dzzt sin 2)31, sin D12, respectively, and 
remembering that 2 sin D23 coaDi^O (Art. 40), and that by the foregoing 
Example, 2 sin 2)23 cosn = 0, we have, by addition, 

2 sin 2)23 sin n cos a = 0.] 

3. Hence show that a circle cutting two circles at constant angles inter- 
sects any circle coaxal with them at a constant angle ; and therefore a circle 
cutting two circles at constant angles touches two circles coaxal with them. 

4. The products of the tangents of the halves of the segments of an arc,. 

drawn from any point of the radical axis cutting any circle of a coaxal 

system, is the same for all circles of the system (the segments being 

measured from the point). 

[Apply Art. 43.] 

5. If two circles cut three given circles, the triangles formed by the 
common chords (arcs of great circles) of each with the three are in per- 
spective, and the centre of perspective is the radical centre of the given 
circles. 
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[For the corresponding sides of the two triangles meet in pairs on the 
radical axis of the two circles.] 

6. If a variable circle passes through two fixed points on a sphere, and also 
cuts another fixed circle, their common chord, that is the arc joining their 
points of section, passes through a fixed point on the great circle joining the 
fixed points (Art. 43). 

7. Describe a circle such that the radical axes of it and three given circles 
shall pass through three given points. 

[This reduces to Art. 145, Ex. 13.] 

8. If from a point, 0^ on the radical axis of a coaxal system of small 
circles, a great circle be drawn cutting them in points AA'y BB\ &c., 
prove that the middle points of the arcs OAy OA* ; OB, OB', &c., will form 
a system of points in spherical involution, of which is the centre. 

[For we have tan J 0^ tan J (?^' = tan J 05 tan J OB^ = &c. ; hence the 
mid-points are in involution by Art. 147.] 

9. If two circles cut two other circles orthogonally, the radical axis of 
either pair is the great circle joining the poles of the other pair. 

[For each pair passes through the limiting points of the other pair.] 

10. If four circles be mutually orthogonal, the six great circles joining 
their poles in pairs are also the radical axes of them taken in pairs. 

11. Hence the vertices, A, B, C, oi & triangle, and the orthocentre, 0,are 
the radical centres of the four triads of circles formed by taking the polar 
circles of the triangles ABC^ BOC, COA, AOB, three at a time. 

12. The polars, with respect to two circles, of any point on their radical 
axis intersect on the radical axis. 

13. The chords of intersection of either of two small circles, with a 
system of circles orthogonal to both, pass thiough the pole of their radical 
axis with respect to it. 

14. If a variable cii'cle intersect two fixed circles of angular radii, ri and 
r2, at equal angles (or at two angles whose cosines have a constant ratio), and 
if tangents be drawn to the fixed circles from the pole of the variable circle, 
and from their points of contact tangents Ti and T2 be drawn to the variable 
circle ; show that 

8in2 i Ti 



sin2 i J2 

PAUT II. K 



=£ constant. 
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[Let p be the ang^ular radius of the variable circle, 9i and 83 the distances 
of its pole from the poles of given circles, ti and t2 the tangents from, its 
pole to them ; then 

cos 81 = cos p cos ri + sin p sin ri cos a. 

Therefore cos h = cos /> + sin p tan ri cos a ; 

and cos 2\ = 1 + tan p tan n cos a. 

Similarly cos 72 = 1 -I- tan p tan r2 cos $. Therefore, &c.] 

15. If a circle touch two fixed circles, the ratio of the sines of the halves 
of the tangents to it from their limiting points is constant. 



Problem. 
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Section IV. 

Centres mid Axes of Similitude on the Sphere. 

161. Problem. — To draw a great circle touching two 
small circles on a sphere. 

Let T1T2 (fig. 65) be a great circle touching two small 
circles at Ti and Ta, respectively. Let Pi and P2 be the 
poles of the small circles; then PiTi, and P2T2 meet in 




Fig. 66. 

P, the pole of T1T2. Now, the sides PPi and PP2 

of the triangle PP1P2 are 90 - r^ and 90 - rj, where n 

and r2 are the radii of the circles ; and therefore if the 

small circles be given, the point P is at once determined, 

and the points Ti and T2, where PPi and PP. produced 

meet the circles, give the points of contact of the required 

common tangent. 

K2 
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Cor, — It is always possible to draw a pair of direct 
common tangents, except when one cirde is entirely 
within the other; and a pair of transverse common tan- 
gents when one circle is entirely outside the other. 

162. Centres of Similitude. — The point of intersec- 
tion of the direct common tangents to two small circles is 
called their External Centre of Similitude^ and the point of 
intersection of the transverse conmion tangents their In- 
ternal Centre of Similitude, 

It is clear that the centres of sinulitude of two circles 
lie on the great circle joining their poles. For OPi 
bisects the angle between the direct common tangents^ 
and so also does OP^. Therefore lies on PiPs ; simi- 
larly ff lies on PiPj. 

Cor. — The point of contact of two circles which touch 
externally is their internal centre of similitude^ and the 
point of contact of two which touch internally is their 
external centre of similitude. 

163. Theorem. — The centres of similitude divide the are 
joining the poles ofjhe circles internally and externally into 
segments^ whose sines are in the ratio of the sines of the 
spherical radii of the circles. 

For (fig. 65) if ri and r^ denote the spherical radii, 

sin n sin r, - t> ^m 
sm OPi sm OP2 

and similarly for the internal centre ; therefore, &c. 

Cor. 1. — Any great circle through a centre of similitude 
makes equal angles with the radii to the points where it cuts^ 
t/iC small circles. 
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[For ^see fig. 65), sin OPi sin PiOjB, = sin r^ sin OB^P,, 
and sin OP2 BinPiOBi = sin r2 sin P2A2B2. 
Therefore, by the above proposition, 

OBiPi = P2A2B2. 
Hence we have 

PiAiBi = PiJ5i^i = Pa^ajBj = P2B2A2.'] 

Cor. 2. — Conversely — If an arc of a great circle cuts 
tico small circles^ and makes equal angles mth the radii to 
the points ofsectionj it passes through a centre of similitvde. 

Cor. 3. — Hence, if a small circle touch two other small 
circles^ the arc joining the points of contact passes through a 
centre of similitude. 

Cor. 4. — The centres of similitude and the poles of the 
given circles form a harmonic row. 

[Art 136]. 

Definition. — Of the four points Ai, Pi, A2, B2 (fig. 65), 
in which any great circle through a centre of similitude of 
two circles meets them, the points A\ and -^2, or Pi and 
P2, are said to correspond directly, and the points Ai and 
P2, or Pi and -^2, are said to correspond inversely. 

164. Theorem. — If two great circles be dratvn through a 
centre of similitude of two small circles^ any jmir of the points 
in which they intersect the small circles are concyclic with their 
inversely corresponding points. 

Consider the quadrilateral (fig. 65) Pi-42-4./P/ formed 
by the points Pi, P/, and their inversely corresponding 
points ^2) A2. Denote each of the equal angles of the 
triangle P^BxB{ by a?, and those of P2A2A2 by y, and 
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let d denote the equal angles PiJBiO and P2-4ijB2, and ^ 
the angles PiBiO and P2-42'52'. Then, for the angles of 
tlie quadrilateral, we have 

RB1A2 = TT - a? - 6, and BxBxAi = tt - (a? - ^). 

Therefore 

P/-i?i = 6 + ^ = ^2'- ^2; 
or 

and therefore the quadrilateral B^A^AiB^ is such that the 
sum of one pair of opposite angles is equal to the sum of 
the other pair ; that is, it is inscribable in a small circle. 

[Art. 19(4).] 

Cor. 1. — Hence, 

tani OPi tani OAt = tan^ 0B( tan J OAi 

= taniOr,taniOr,. 

Therefore — The product of the tangents of the halves of 
ihe arcs intercepted between either centre of similitude and a 
pair of points inversely corresponding is constant. 

Cor. 2. — Combining Cor. 1 with Art. 43, we find 

tan i OA, tan j OBi tan j OT, 
tan i OAi " tan i OB2 " tan i OT^' 

Therefore — The tangents of the halves of the arcs between 
either centre of similitude and a pair of corresponding points 
arg in a constant ratio. 

Cor. 3 — If jBiJSi', and ^2^2' be produced to meet at S^ 
we have 

tan I BBi tan i BBi = tan i JRA^ tan i BAi, 
and therefore i? is on the radical axis of the two circles. 

Tlierefore — The arc joining a pari* of points meets the arc 
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joining their inversely corresponding points on the radical axis. 

Cor. 4. — ^And hence also tangents to two small circles at 
two inversely corresponding points meet on their radical axis^ 
a result which also appears obvious, since a pair of in- 
versely corresponding points may (by Art. 163, Cor. 3) be 
considered as the points of contact of a small circle, and 
this Cor, merely asserts that the radical axes of the three 
are concurrent. 

Cor. 5. — The four points of contact of the direct com- 
mon tangents are concyclic, and so also are the four points 
of contact of the transverse common tangents. 

Cor, 6. — If a circle touch two given circles, the points 
of contact are concyclic with the limiting points. 

[For the points of contact are concyclic with the points 
of contact of a common tangent; but these latter points are 
concyclic with the limiting points, all four being equidis- 
tant from the middle point of the common tangent ; there- 
fore, &c., by Art. 43]. 

165. Axes of Slmllltade. — The six centres of simili' 
tilde of three small circles taken in pairs lie^ three by three, 
on four great circles, called axes of similitude. 



Fig. 6G. 
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Let Pi, P2, Pabe the poles of the small circles, /i, J2, P3 
their internal centres of similitude. Since the internal 
centres divide the sides of the triangle Pi, P2, P3 into 
segments whose sines are in the ratio of the sines of the 
radii, it appears at once (Art. 122) that the points Ji, J2, Iz 
connect concurrently with Pi, P2, Pa- Again, the arc /i/j 
meets P1P3 in a point £3, such that 

sin Ei Pi ^ sin n 
sin -B3 Pt sin rt 

' [Art. 126] 

Therefore E^ is the external centre of Pi and P2. Simi- 
larly El and E2 are the external centres of the other pairs, 
and they are concyclic. However, this last result may be 
obtained at once from the criterion of Art. 122. 

The concyclic triads are therefore the three external 
centres, and each external centre, with a pair of internal 
centres ; and the quadrilateral formed by these four great 
circles is such that the triangle formed by the poles of the 
small circles is its diagonal triangle. 

Cor, — If a circle touch two others, the spherical chord of 
contact passes through a centre of similitude of the two. 

Examples. 

1. If an infinite number of small circles touch two others, the radical axis 
of each pair that can be taken passies through the external centre of simili- 
tude, when the two contacts are of the same kind, and through the internal 
centre when they are of different kinds. 

[Since the points of contact are inversely corresponding points, the pro- 
duct of the tangents of the halves of the arcs between them and a centre of 
similitude is constant, and the same for any two having the same kind of 
contact. Therefore the tangents from it to these circles are equal, and hence 
it is a point on their radical axis.] 
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2. If a system of circles have the same kind of contact with two given 

ones, they are all cut orthogonally by a circle having its pole at a centre of 

similitude. 

[Apply Ex. 1.] 

3. If two circles touch each other, and also two given circles, either both 
internally or both externally, the locus of the point of contact is a circle 
having its pole at the external centre of similitude of the given circles. 

4. The envelope of a circle touching a given one, and cutting anoUier 
orthogonally, is a small circle. 

6. Great circles touching a pair of small circles at a pair of inversely 

corresponding points make equal angles with the great circle joining the 

points. 

[Art. 163, Cor. 1]. 

6. Tangents at corresponding points are equally inclined to the secant, 
and hence tangents at non-corresponding points are equal, and therefore 
meet on the radical axis. 

7. Describe a circle through a given point on a sphere to touch two given 
circles. 

[Join the given point ^ to a centre of similitude 0, and the point B, 
where it meets the required circle again, is determined by the fact that 
tan \ OA tan \ OB is given. Hence the problem is reduced to describing a 
circle through two points to touch a given one, which, by Art. 43, is re- 
duced to describing a circle through three given points.] 

8. Describe a small circle touching three given small circles. 

[Four pairs may be described as in piano by aid of the four axes of simi- 
litude.] 

9. Each of the pairs of circles which can be drawn to touch three given 
circles have the radical centre of the given circles for internal centre of 
similitude, and the radical axis of each pair is a corresponding axis of simi- 
litude. 

10. A great circle drawn from the radical centre perpendicular to the axis 
of similitude, corresponding to a pair of touching circles, passes through 
their poles. 

11. The circle orthogonal to three given circles belongs to each of the 
systems of circles coaxal respectively with each of the four pairs of circles 
which can be drawn touching the given circles. 
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Section V. 
Spherical Inversion, 

166. InTerse Points. — In plane geometry, when two 
points are so situated on a diameter of a circle that the rect- 
angle under their distances from its centre is equal to the 
square of its radius, each point is termed the inverse of the 
other with respect to the circle. So on the sphere, any two 
points A and A' (fig. 67) so situated on any spherical 
radius of a circle, that 

tan J OA tan i OA' = tan' J a 




Fig. 67. 

(where is the pole of the circle, and a its angular radius), 
may be termed Inverse Points, each of the other, with re- 
spect to the circle on the sphere. The circle is called, in 
relation to the points, the Circle of Inversion, its angular 
radius the Radius of Inversion, and its spherical centre the 
Centre of Inversion, or Origin, 

More generally, any three points situated on a greet 
circle are such that any pair of them are inverse points 
with respect to a circle, real or imaginary, having the 
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third for pole — ^the circle being real or imaginary, accord- 
ing as the points lie on the same side or opposite sides of 
its pole. 

Cor. 1. — The inverse of the centre of inversion is 180° 
distant from it, i, e. the diametrically opposite point. 

Cor, 2. — ^Any point on the sphere has one and only ona 
inverse with respect to any given circle. 

Cor. 3. — Any point on the circle of inversion is its own 
inverse. 

Cor. 4. — Any two points -4, jB, and their inverses A\ JB' 
are conct/clic. 

[For tan J OA tan i OA' = tan i OjB tan ^ OB"]. 

Examples. 

1. Any circle passing through a pair of inverse points intersects the circle 
of inversion orthogonally. 

2. The limiting points of a system of coaxal circles are inverse points- 
with respect to every circle of the system. 

[For any circle passing through them intersects every circle of the system 
orthogonally.] 

3. If two circles intersect orthogonally, each meets every spherical dia» 
meter of the other, in a pair of inverse points with respect to it. 

4. Any two circles have a common pair of inverse points, viz. their limit- 
ing points. 

5. If a circle passes through a pair of inverse points with respect to one 
circle, and also through a pair of inverse points with respect to another ; it 
also passes through their common pair of inverse points. 

[For, hy £z. 1, it intersects both circles orthogonally.] 

6. If A and A' be a pair of inverse points on a diameter MNoi a small 
circle whose pole is 0, show that 

m^O A vm^\MA __ BUj^jNA 
sin OA' ° Bin2 J Jf^' ~ sin^iV^'* 



140 The Small Circle. 

£"We have 

tanj^ OA _ \sxi\ OM tan^Q^ ftan^ OM 
tan J OJf ~ tan J 0^' " tan J Oif± tan J 0-4 

4;herefore 



> * 



tan 
tan J 



^Q^ / tan ^ 0^ + tan ^ Q Jf \ ^ « ^ 
iftZ"^ Vtani(?Jf±tanJ(?-47 ' ^'^ 



Note — The analogue in piano is 



0^ /-^V- (—\ 



OA' \MA' 



7. If X be any variable point on a small circle, A and A' two inverse 
points with respect to it, the pole of the circle ; sliow that 



sin OA 1 — cos AX __ /sin J AX\ * 
sin 0-4' 1 — cos A' 



iX_ / sin i ^X \ 

[We have 

sin -4-4' cos OZ + sin 0-4' cos AX = sin OA cos -4'Z. (I) 



But tan J 0-4 tan J OA = tan* J OX, 

Therefore 

cos J (0^ + 0-4') 1 - tan* J OX 

— = T = COS ox, 

cos J (0^ - OA') 1 + tan- J O-X ' 

which, when substituted for cos OX in (1), gives at once the required re- 
sult.] 

8. Find the locus of a point such that the sines of the halves of its angular 
distances from two fixed points have a constant ratio. (Cf. Exam. Paper, 
VI.,Ix. 2.) 

[It follows from Ex. 7 that the locus is a circle having the fixed points for 
a pair of inverse points, as is also evident from Art. 160.] 

9. Hence determine a point, the ratios of the sines of the halves of whose 
angular distances from three fixed points shall be given. 

167. Inverse Figures. — Any figure {F) on a sphere 
may be transformed into another [F") by changing all its 
points into their inverses with respect to any circle chosen 
.arbitrarily. This process of transformation is termed 
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Inversion, aod the figures F and F are said to be Inverse 
Figures. Thus, if the point A (fig. 67) describe any curve, 
its inverse A' will describe another curve, viz. the inverse 
of that described by A, 

Any great circle drawn through the centre of inversion 
meets the curves F and F' in pairs of inverse points ; the 
points in which it meets one curve being the inverses of 
the corresponding points in which it meets the other. It is 
thus clear that the great circle joining two corresponding 
points passes through the centre of inversion. The follow- 
ing corollaries will be evident from the definitions. 

Cor. 1. — The points of intersection of a curve and its 
inverse lie on the circle of inversion. 

Cor. 2. — The tangents from the centre of inversion to 
any curve are also tangents to its inverse at the correspond- 
ing points. 

Cor. 3. — If two curves touch each other, their inverses 
will also touch each other at the corresponding points. 

[For at each point of contact the curves have two con- 
secutive points common, and therefore their inverses have 
also two consecutive points common at each of the corre- 
Bponding points.] 

168. Theorem. — The tangents to a curve and its inverse 
at two corresponding points are equally inclined to the great 
circle joining the points. 

Let A and B (fig, 67) be two consecutive points on any 
curve ; then A' and ^, their inverses, will be consecutive 
points on the inverse curve, and the great circles AB and 
A'B^ will be tangents to the two curves at A and A'\ but 
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the four points -4, B^ A\ S are concyolio (Axt. 166, Cor. 4), 
and therefore AB and A'Bf are tangents to a small circle, 
and AA is their chord of contact. Therefore AB and 
AB^ are equally inclined to AA. 

Cor. — The angle of intersection of two spherical curves is 
eqtml to the angle of intersection of their inverse curves at the 
corresponding point. 

[For, by the foregoing theorem, if -4 be a point of in- 
tersection of two curves, and A' the corresponding point of 
intersection of their inverses; then the tangents to the 
curves at A, and the tangents at A' to their inverses make 
the same angles with AA, and therefore the angle between 
the former pair of tangents is equal to the angle between 
the latter pair. 

Cor. 3, Art. 167, is obviously a particular case of the 
above.] 

169. Theorem. — The inverse of any circle on a sphere 
is a circle. 

This theorem has been already anticipated in Art. 164, 
Cor. 1, from which it follows at once that any pair of circles 
are inverses, each of the other, with respect to a centre of 
similitude as origin and radius of inversion (a) given by 
the equation (fig. 65) 

tan' J o = tan i OT^ tan \ OT^. 

When the radius of inversion is given, and the origin fixed, 
this equation determines the points of contact of the in- 
Terse circle with the common tangents, and therefore fixes 
it in magnitude and position. The following is a direct 
investigation of the theorem, and of the position and radius 
of the inverse circle. 
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Let (fig. 68) be the centre of inyersion, P the pole of 
the circle, A any point on it, and A' its inverse. Draw 




Fig. 68. 

the arc AT, making OA'P' = OJBP = tf , and denote OP 
And OP' by S and S^, P-4 and P'^' by r and /, respec- 
tively ; then if AOP = ^, we have 

sin S sin S' sin 



sin r sm r 



sin^ 



or 



tan i (y + /) tan j (8 + ^) 
tani(S'-/) "tani(8-r)* 



(1) 



Also, by Napier's Analogies applied to the triangles OP' A' 
and OPJBy we have 



But 



and 



tan i (8^ 4- /) _ tan j OA' 
tan i (8 + r) "" tan i OP ' 

tan i 0^ tan i 0-4' = tan^ i a ; 



(2) 



tani 0^ tani OB = tan J (8 + r) tani(8 

l»y Art. 43. Hence from (2) we find 

tan' in 



-r). 



tan i (8' +V) 



tan i {6 - I-)' 
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and therefore, by (1), 

, 1 /«/ /x tan 5 a 

tan i (S' - r ) = - — ^-^ r. 

^ ^ tan i (S + r) 

Hence we have finally, by taking tan (sum), and tan (differ- 
ence) after a little simple reduction, 

, sin' a sin r sin' a tanr 

tanr = 



(1 +008* a) COSr-2 COSaCOS S 1-2 cos a COS ^+cos' a 

and 

- sin' a sin 8 - sin' a tan S 



lanS' = 



(1 + cos'a) cos8-2 cosa cosr l-2cosa8ec^ + cos*o 



These equations, since they determine / alid S' in terms of 
r and S, show that the point P' is fixed, and that A' describes 
a circle round it as pole. 

Cor, 1. — ^Any great circle drawn through the centre of 
inversion intersects a circle and its inverse at equal angles. 

[Of. Art. 163, Cor, 1, which is only a particular case of 
Art. 168.] 

Cor, 2, — Any circle, its inverse, and the circle of inver- 
sion, are coaxal. 

Cor, 3. — The centre of inversion is a centre of similitude 
of the circle and its inverse. 

Cor, 4. — Every great circle is its own inverse when the 
centre of inversion is situated on it. 

Cor, 5. — When the radius of inversion is 90° {i. e, when 
tlie circle of inversion is a great circle), every circle is in- 
verted into an equal circle, and therefore every great circle 
info a great circle. 
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Cor, 6. — When the centre of inversion is on the oirole^ 
the inverse oirole passes through the point diametrically 
opposite to the origin; and, conversely, when a circle pa£(&es 
through the point diametrically opposite to the origin, the 
inverse circle passes through the centre of inversion. 

Cor. 7. — If two circles touch (or intersect orthogonally), 
their inverses touch (or intersect orthogonally). 

[Art. 168.] 

Hence every spherical diameter of a circle inverts into 
a circle, cutting the inverse circle orthogonally. 

Cor. 8. — Two circles and their inverses are a system of 
four circles, such that any circle touching any three of 
them also touches the fourth. 

Cor. 9. — Any circle can be inverted into a great circle, 

[For, if / = 90°, we have 2 cos a cos S = (1 + cos' a) cos r, 
which determines S in terms of a and r.] 

Cor. 10. — Hence the locus of a point from which, as 

centre of inversion, a circle is inverted into a great circle 

(or (drcle of given angular radius) is a small circle, copolar 

with the given circle, and its angular radius (£) is given 

by the equation 

^ cosr ., , . 1 + tan*ia 

cos = ^ — — (1 + cos' o) = cos r - — : — 7-=— • 
2 cos a ' 1 - tan* i a 

Remark. — ^The locus circle coincides with the given circle 
when it is a great circle, which agrees with Cor. 4, or when 
a = 0. The above formula reduces in piano to 8 = r, or the 
locus circle coincides with the given circle. 

Cor. 11. — Hence any two circles can be inverted into 
two great circles, viz. from either of the points of intersec- 
tion of the two locus circles of Cor. 10 as centre of inver- 
sion. 

PAET IX. L 
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Cor. 12. — Any three oircles can be inverted into three 
eircles whose poles are oonoyclio. 

[For any three oircles have a common orthogonal circle, 
which can be inverted into a great circle, intersecting the 
inverses of the three given circles orthogonally, and there- 
fore their poles lie on it.] 

Cor. 13. — The equation of Cor. 10 gives 

tan^ i a = / ^^ = v/ - 1 tan i L 

-^cos + cos r 

where t is the tangent from the origin to the circle. Hence 
a is imaginary, unless S is less than r ; that is, if the radius 
of inversion is real, the locus circle of Cor. 10 lies entirely 
within the given circle. 

170. Theorem. — Any pointy -4, and its inverse^ B, with 
respect to any circle^ C, invert into a pair of inverse pointSy 
A' and 5', with respect to the inverse circle^ C\ 

For every circle through A and B intersects C ortho- 
gonally ; hence A and S are so situated, with respect to 
C, that every circle passing through them (viz. the in- 
verses of those passing through A and B) intersects C 
orthogonally ; and therefore A! and B are inverse points 
with respect to C 

Cor. — Any two circles (or curves), and their cirde of 
inversion, invert into two circles (or curves), and their 
oircle of inversion. 

171. Problem. — To invert a circle into itself. 

Take any point, 0, on the sphere for centre of inver- 
sion. With as pole, describe a circle to out the given 
circle orthogonally. Draw any great circle, OAA\ to 
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meet the given circle in A and A'; then A and A' are 
inverse points with respect to the orthogonal circle. For 
tan i OA tan i OA' = tan* i OT, where OT is the tangent 
from to the given circle, and is equal to the angular 
radius of the orthogonal circle. Therefore any circle 
inverts into itself, with respect to any orthogonal circle^ as 
circle of inversion. 

For this reason the latter circle is called the Circle af 
SeJf'Inversion, 

Cor. 1. — Any two circles can be inverted into them- 
selves, the centre of inversion being any point on their 
radical axis, and the circle of self-inversion any common 
orthogonal circle. 

Cor, 2. — ^Any three circles can be inverted into them- 
selves, the centre of inversion being their radical centre, 
and their circle of self -inversion being the circle which 
intersects the three orthogonally. 

Cor. 3. — If two circles be inverted into themselves, the 
great circle joining their poles will be inverted into a 
circle cutting both orthogonally (Art. 168). Hence any 
circle cutting two orthogonally may be regarded as the inverse 
of the great circle joining their poles. 

172. Problem. — To invert any two circles into two equal 
circles. 

Let ri and r2 be the angular radii of the circles ; £i and ^% 
the angular distances of their poles from the centre of 
inversion. Then, by Art. 168, since they are to be 
inverted into equal circles, we have 

sin ri __ sin rs 

(1 +C08'''a) cosri - 2co8« coeJi ~ (I + cos* a) coers — 2cos« cosS^' 

L2 
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which is a linear relation between cos 81 and cos 82 ; and 
therefore the centre of inversion may lie anywhere on the 
circle represented by it (Art. 134). 

Thus the locus of a point from whichy as centre ofinver- 
sion, two circles can he inverted into two equal circles^ is a 
small circle. 

Cor. 1. — Any three circles can be inverted into three 
equal circles ; and hence a circle can be described to touch 
three circles on a sphere, or to intersect three circles at 
given angles. 

Cor. 2. — The oirde which is the locus of the centre 
of inversion, in the foregoing Problem, is coaxal with 
the two given circles only when they are equal, in which 
case it is their radical axis. 

Cor. 3. — Any two circles can be inverted into two circles 
having the tangents of their radii in a constant ratiOy and the 
locus of the origin is a circle. 

Cor. 4. — ^Any three circles can be inverted into three 
circles, having the tangents of their radii in any ratio 
l:m\n. 

173. Theorem. — The anharmmic ratio of any four 
points J Af By Cy 2), on a circlcy is equal to the anharmonic 
ratio of their four inversesy A% B'y C\ 2/, on the inverse 
circle. 

From 0, the centre of inversion, draw a oommon 
tangent to ihe circle and its inverse, and let its points of 
contact with them be Tand T', respectively. Then, since 
Ty Ay Ty ^' aro coney clic, TA and TA meet on the radi- 
cal a^s of the two circles (cf. Art. 164, Cor. 3). Similarly, 
TB and TBy TC and rc\ TD and T'D', meet on the 
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radical axis. Henoe, by Art. 137, Cor. 2, the anharmonio 
ratios of the pencils T . ABCD and T'. A'B'CD' are 
equal. Therefore, &o., by Art, 150, 

Cor, 1, — A harmonio system of points on a circle in- 
verts into a harmonic system of points on a circle. 

Cor. 2, — If A, B, C, i) be any four points on a cirde, 
A', B", C, jy their iEverses, then, by Art. 150, 

sin i .SC sin i ^2> sin j P^ sin j BB 

sin i £'(? ' sin i ^'/J" " sin J C"^' dn i £'7)' 

gini,.4.gsipigi) 

° sin i-4'5' sin j(rir 

174. Theorem. — The common tangent, t, and the an- 
gular radii, r, and rj, of two circks, are connected mtk the 
common tangent, t', and angular radii, /„ r\ of the inverse 
circles by the relation 

sin' i t sin' \if . . , 

= 7-= ; = sin' i a, 

tan r, tan ri tan r, tan r^ 

where a is the angle of intersection of the circles. 

Let S denote the angular distance between the poles of 
the circles. Then 

cos S - cos r, cos »*2 + sin r, sin r, cos a. 
Also COS S = sin r, sin Ca + cos r, oos r^ cos t. ^,^_„_^ 

Therefore 1 - oos ^ = tan ri tan rj (1 - cob flwO^''^fc^^\ 



sin' i t 






tan r, tan r 
Now the angle of intersection of two ourves ie equal to 
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the angle of intersection of their inverses. Hence the 
theorem is obvious. 

Remark. — If the circles do not intersect in real points 
they may still be regarded as intersecting in two imagi- 
nary points, and at an imaginary angle. The student 
who is desirous of establishing the theorem independently 
for non-intersecting circles may apply the method used by 
Professor Casey {Sequel to Euclid) to establish the ana- 
logue in planOy viz., 

= -7—7 (= 4sin*4'a). 

Cor. 1. — If ri, r%y rs, r^ be the spherical radii of four 
circles, t^, ^33, &c., their common tangents, we have the 
relation 

sin ^ ^33 sin ^ tn, + sin ^ ^1 sin ^ ^24 + sin ^ ti% sin ^ ^34 = 0. 

[For if four circles of angular radii, pi, /02, /03, p^^ touch a 
great circle in points Aiy A2, -^3, -4i, we have 

sin I ^2^3 sin ^^1^4 + sin ^^3^1 sin ^ A^Ai 

+ sin i A1A2 sin J A3A4, = 0. 

Dividing this equation by y^tanpi tan/02 tanpa tau/u*, and 
inverting, it becomes, by the above theorem, the relation 

in question divided by y^tan n tan r^ tan r^ tan r* ; &c.] 
This relation maybe regarded as the criterion that four 

circles should be touched by a fifth. A direct deduction 

of it is given in Chap. XV., Prop. i. 

When three of the circles reduce to points, this corollary 

gives us the condition of Art. 160, Cor. 4, that the circum- 

oircle of a triangle should touch a given circle ; and when 
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the four oivoles become points, it reduces to the well- 
known analogue of Ptolemy's Theorem (Art. 25, Ex. 6). 

Cor, 2, — Using the criterion of Cor. 1, it follows at 
once that the inscribed and three escribed circles of a 
spherical triangle are all touched by a fifth circle, viz.. 
Hart's Circle. 

[For the common tangents are J + c, J - c, c -i- a, c - a» 
« + J, a - J, the transverse common tangents to the in- 
cirole with the ex-circles being taken because the contact 
of the circle with the in-circle differs from that with the 
ex-circles.] 

Cor. 3. — If four circles be touched by a fifth, their 
angles of intersection are connected by the relation 

sin ^ a23 sin ^ an + sin ^ az\ sin ^ 024 + sin ^ an sin ^ 034 = 0. 

Examples. 

1. The points whore two circles are intersected by any orthogonal circle 
connect concurrently with the points where the great circle joining their 
poles meets them. 

[For the two circles can be inverted into themselves, and the great circle 
joining their poles inverts into a circle cutting them orthogonally ; hence 
the former set of points may be regarded as the inverses of the latter, and 
they, therefore, connect concurrently with them, the point of concurrence 
being the centre of inversion, %,e. a point on the radical axis of the circles.] 

2. Every point of intersection (or point of contact) of a curve with the 
circle of inversion is also a point of intersectioii (or contact) of the inverse 
curve with the circle of inversion, and the angles of intersection of each 
i:urve with the circle are equal. 

[This is a particular case of Art. 168, since the circle of inversion is ita 
own inverse.] 

3. Any circle passing through a pair of inverse points meets any curve 
and its inverse in corresponding points ; and any such circle which touches 
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the curve also touches its inyerse, or, more generally, intersects the curve 
and its inverse at equal angles at each pair of corresponding points. 

[A circle passing through a pair of inverse points is its own inverse. 
Therefore, &c., hy Art. 168.] 

4. A system of co&xal circles of either species inverts into a system of 
coaxal circles of the same species ; and if the centre of inversion be one of 
the common points of the system, the common points of the inverse system 
are the point diametrically opposite to the origin, and the inverse of the 
other common point. 

o. Any system of concurrent great circles inverts into a system of coaxal 
circles ; the common points of the system being the inverses of the common 
points of the great circles. 

6. A system of circles having the same spherical centre {i.e. a copolar 
system) inverts into a system of circles cut orthogonally by a coaxal system, 
i. e. the system inverts into a coaxal system. 

[For the copolar system of circles is cut orthogonally by their common 
system of secondaries, which inverts (Ex. 5) into a coaxal system, inter- 
secting orthogonally the inverses of the copolar system.] 

7. The great circle joining the origin to the common pole of the copolar 
system (Ex. 6) is the locus of the poles of the coaxal system into which the 
copolar system inverts, and the limiting points of the inverse system are the 
inverses of the two poles of the copolar system. 

8. Any circle may be regarded as the inverse of any other with respect 
to two points as origin, viz. their two centres of similitude. 

9. If the common points of a coaxal system of circles coincide, the 
system inverts from that common point as origin into a system of coaxal 
circles, whose common points coincide with the point diametrically opposite 
to the origin. 

10. A system of circles having a common orthogonal circle can be in- 
verted into a system of circles whose poles lie on a great circle. 

[For the common orthogonal circle can be inverted into a great circle, 
which will intersect the inverses of the other circles orthogonally, and 
therefore pass through their poles.] 

11. Hence, the locus of a point from which, as centre of inversion, a 
system of circles having a common orthogonal circle can be inverted into 
a system having their poles concyclic, is a circle. 

Note. — In piano this circle coincides with the common orthogonal 
circle. 
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12. If three circles touch a circle passing through the point diametrically 
opposite to their radical centre, they also touch a circle passing througli 
their radical centre. 

[Invert from the radical centre as origin ; then the three circles can he 
inverted into themselves, and the circle touching them inverts into a circle 
touching them and passing through the origin.] 

13. Since a system of copolar circles is intersected orthogonally hy their 
common system of secondaries, they are a coaxal system of the limiting 
point species, their common poles heing their limiting points. So also a 
system of concuirent great circles forms a coaxal system of the common 
point species. 

Hence a aystem of coaxal circka can be inverted into a eopolar system hy 
inverting the limiting points into two diametrically opposite points, and into 
4i system of great circles by inverting the common point h into two diametrically 
opposite points, 

14. Hence show that if a variahle circle intersects two fixed circles at 
constant angles, it intersects any circle coaxal with them at a constant 
angle, and touches two of the system. 

[Invert the coaxal system into a system of concurrent great circles. 
Then the variahle circle inverts into a circle cutting two of the great circles 
at constant angles, and it therefore intersects any other of them at a constant 
.angle, and touches two of them.] 

16. If a he the radius of inversion, every spherical figure inverts into its 
diametrically opposite when 

tan«Ja = -l; 

and every figure inverts into its reflection, with respect to the great circle 
of which the origin is the pole, when 

tan^ Ja = + 1. 



( 154 ) 



CHAPTER XIII. 

PROJECTION. 

Section I. 
Spherical Projection. 

175. We have already deduced many theorems concern- 
ing plane figures from the more general theorems con- 
oeming the corresponding spherical figures. We shall 
now proceed to show how, when we are given a theorem 
concerning a plane figure, we may deduce the analogous 
theorem for the corresponding spherical figure, a process 
which will recommend itself to the student, as it is a 
method of discovery, and enables us to rise from the 
particular to the more general. 

176. Sarfoce and Centre of Projection. — If all 
the points of any figure or curve be joined by right lines 
to a fixed point (0) in space, the joining lines will form 
a cone, having its vertex at 0, and the section of tins 
cone, by any surface, will constitute a figure called the 
Projection of the original figure on that surface. 

Thus, for example, in the figure of Art. 11, a oone 
is formed by drawing lines from to the contour of the 
figure ABCD. This cone meets a sphere, having its centre 
at 0, in the figure ARC'I/y which is the projection of 
ABCD on the sphere. 

The surface on which any figure is projected is called 
the Surface of Projection^ and the point 0, from which 
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the right lines are drawn, is called the Centre of Projection^ 
In the example just cited the sphere is the surface of pro- 
jection, and its centre (0) the centre of projection. 

In what follows we shall deal only with the projection 
of figures from a plane upon a sphere, or vice versa, and in 
all cases either figure may be regarded as the projection 
of the other. In what is called Spherical Projection, the- 
surface of projection is a sphere whose centre is the centre 
of projection. 

177. From the very manner in which projection is per- 
formed, the following principles will appear self-evident: — 

(a) Each point of the original figure will give rise to a 
point in the projected figure. Two such points are called 
Corresponding Points. 

(/3) Any two points of the original figure, and their 
two corresponding points in its projection, subtend the 
same angle at the centre of projection. Hence, by con- 
sidering two consecutive points, it follows that — 

(1) A tangent to the original figure is projected into 

a tangent to its projection at the corresponding 
point. 

(2) If two curves touch each other at any number of 

points, their projections will touch each other 
at the corresponding points. 
[In this case the cones from the centre of projection to 
the two curves touch each other along the edges to the 
points of contact of the curves.] 

(y) The surface of projection being a sphere, and the 
centre of projection its centre, any right line will be 
projected into a great circle. 
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[For the lines joining the centre of the sphere to the 
line will form a plane which will meet the sphere in 
a great circle, since it passes through the centre.] 

The following Examples will serve to illustrate the 
method. In many cases simplicity and advantage will 
be gained by a judicious selection of the position of the 
•centre of projection : — 



1. The bisectors of the sides of a 
plane triangle are concurrent. 



1. The bisectors of the sides of a 
spherical triangle are concurrent. 



Take any sphere passing through the vertices of the plane triangle, 
the centre of projection being at its centre. Then the lines joining the 
•centre of the sphere to the middle points of the sides of the plane triangle 
will pass through the middle points of the sides of the spherical triangle into 
which the plane triangle projects ; and therefore the bisectors of the sides of 
one project into the bisectors of the sides of the other. Hence, if one triad 
be concurrent, the planes joining them to the centre of the sphere will each 
pass through the line joining the point of concurrence to the centre of the 
sphere ; and the second triad must necessarily pass through the point where 
this line meets the triangle to which they belong. 



2. The perpendiculars of a plane 
triangle are concurrent. 



2. The perpendiculars of a spheri- 
cal triangle are concurrent. 



For the sake of clearness, take the plane of the triangle horizontal, and 
the centre of projection anywhere on the vertical through its orthocentre. 
Then the triad of planes joining the centre of projection to the perpen- 
diculars of the triangle will be vertical, and perpendicular to the plane of 
the triangle, and to the corresponding sides of it, and therefore to the planes 
joining the centre of projection to these aides. But this latter triad meets a 
sphere (described round the centre of projection) in a spherical triangle ; and, 
by what has been said, the former triad meets it in great circles passing 
through the vertices of this triangle, and perpendicular to its side : each of 
these perpendiculars must obviously pass through the point where the line 
joining the orthocentre to the centre of the sphere meets it. 

3. The perpendiculars to the sides of a spherical triangle at their middle 
points are concurrent. 
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[Take the centre of projectioii on the perpendicular to the plane of the 
plane triangle at the centre of its circumcircle, and the circumcircle of one- 
triangle will he the projection of the circumcircle of the other.] 

4. The hisectors of the angles of a spherical triangle are concurrent. 
[Take the centre of projection on the line perpendicular to the plane 

triangle at its in-centre.] 

5. If a spherical hexagon he inscrihed in a small circle, the intersections 
of the opposite sides lie on a great circle. 

[Take the centre of projection on the perpendicular to the plane of the 
hexagon at the centre of the circle.] 

6. If a spherical hexagon he circumscrihed to a small circle, the arcs 
joining the opposite yertices are concurrent. 

7. The arcs joining the vertices of a spherical triangle to the points of 
contact of its in-circle with the opposite sides are concurrent. 

[Take the centre of projection on the perpendicular to the plane triangle 
at its in-centre.] 

8. If the sides of a spherical triangle pass each through one of three 
fixed points lying on a great circle, and if two of the vertices move on two 
great circles, the locus of the third is a great circle passing through their 
intersection ; and, reciprocally, 

9. If a spherical quadrilateral he divided into any two others hy an arc of 
a great circle drawn across it, the arc joining the intersections of the 
diagonals of the quadrilaterals into which it is divided passes through the 
intersection of the diagonals of the whole quadrilateral. 

178. The preceding examples, since they deal only with 
the relative positions of points and lines, belong to the 
class termed Oraphical by Poncelet. The following, 8ino& 
they deal with the relative magnitudes of lines, have been 
styled MetricaL 



1. If from the angles ^,^, C7ofa 
plane triangle lines he drawn meet- 
ing in a point P, and cutting the 
opposite sides in A\ B', (T\ then 

BCf . CA' . AB* _ 
B'CCA.A'li" ' 



1. If from the angles A^ By C 
of a spherical triangle great circles 
he drawn meeting in a point P, and 
cutting the opposite sides in A\ B\ 
C; then 

sin Ptr sin 04' sin ^^ 



sinjS'CsinC'^sin^'JB 



= 1. 
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The plane triangle and its triad of ooncorrent lines will project into a spheri- 
cal triangle, and a triad of concurrent arcs through its vertices. If, for 
hreyity, we denote the segments of the sides of the spherical triangle by ai, 
02, ; hi,h2\ c\j €2 ; then being the centre of projection, we haye from the 
system of lines joining it to the plane triangle, 

AC AOsinAOC AOemci 



Similarly, 



BC" BO sin BOC BO sin €2 



BA' _ BO ain ai CB' _ C O sin^i 

CA' " CO sin 02' ^ AB' " AO 8in*2 ' 



therefore, etc. The same process will establish the following general 
theorem. 

If the product of one eet of right lines hears a constant ratio to the product 
of another set, each line of one set being in direction with a corresponding line 
of the other sety and the entire system of extremities of the lines of one set being 
the same as the entire system of the extremities of the other ; then the continued 
product of the sines of the ares into which one set is projected will bear the 
same ratio to the continued product of the sines of the ares into which the other 
set is projected. (Cf. Art. 137.) 

2. If a great circle be drawn across the sides of a spherical triangle, the 
product of the sines of one set of alternate segments is equal to the product 
of the sines of the other set. 

3. If from any point P on a sphere a great circle be drawn cutting any 

number of fixed great circles in points Ai, Az, Az, &c., and if a point X be 

taken on it, such that 

cotPX = 2cotP^, 

the locus of X is a great circle. 

4. If a line be drawn parallel to a pair of opposite sides of a parallelogram 
ABCDy meeting AD in Jf, and BGm.2f; and if another line parallel to AB 
and BC meet AB in P, and CI) in Q ; then, obviously, 

AP.Bir.CQ.DM^PB.HC.QB.MA, 

Hence, if from the extremities of the third diagonal of a complete quadri- 
lateral on a sphere arcs be drawn, each cutting a pair of opposite sides, the 
ftroducts of the sines of the alternate segments are equal. 



Theorem. 
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Section II. 

Stereographic Projection, 

179. Definition. — The Stereographic Projection of a 
fipherioal curve isjthe figure obtamed by projecting the 
curve on the plane of a great circle, the pole of this great 
<3irole being the centre of projection. Thus, the centre of 
projection is a point onjthe surface of the sphere, and the 
surface of projection is a plane passing through the centre 
of the sphere, parallel to the tangent plane at the centre of 
projection. 

180. Theorem. — The stereographic projection of any 
circle^ great or smally not passing through the centre of pro- 
JectioHy is a circle. 




Fig. 69. 

Let Q (fig. 69) be any point on the oirde, and let P be 
ihe vertex of a cone touching the sphere around the circle. 
Then, if be the centre of projection, and p and q the 
projections of P and Q, the plane OPQ will meet the plane 
of projection in a line pq^ the tangent plane at in a 
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parallel line OR^ and the sphere in a circle to which OR 
and PQ are tangents, OQ being their chord of contact. 
Hence the angles PQO^ ROQ^ and Qgp are equal, and 
therefore, since the triangles OQP and Ogphave one angle 
common, and the angles at Q and q supplemental, we 

have 

Op 
pq = PQ jyp = constant. 

Hence q describes a circle round p as centre. 

Cor, — Any circle passing through the centre of projec- 
tion is projected into a right line, viz. the line in which 
the plane of the circle meets the plane of projection. 

181. Lemma. — Two right lines containing an angle will be 
projected into two others containing an equal anglCy when the 
line Joining the centre of projection to the vertex of the given 
angle makes eqtml angles^ in opposite directions j with the plane 
of projection and the plane of the given angky and when it is 
also perpendicular to the line of intersection of these planes. 

Let the line joining C, the centre of projection to F*, the 
vertex of the given angle, meet the plane of projection, 
MAP^N (fig. 70), in the point 0. With as centre, and 
a radius OC, describe a sphere. Through draw OA and 
OB parallel to the lines containing the given angle, and 
let OjA! and 0P^ be their projections. Draw a great circle, 
MPQN, through MNy having C for pole. Then, by the 
conditions of the problem, since the planes ABN and 
A'B'N are equally inclined to OF, they are equally in- 
clined to PQN; and since the angles at P and Q are right, 
we have, from the triangles AlfP and A'NP^ AP = A'Py 
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and therefore A«r= ^'i»^. Similarly, ^i\r = JTi^T. Hoioe 
AB- AS \ therefore, Ac. 




c 

Kg. 70. 

182. Aof^lefl wnattered by Stereosraphle Projce- 
tloB. — The angles of itUereeetion of any two spherical curves 
are equal to the angles of intersection of their projections at 
the corresponding point. 

Let Q be a point of intersection of two carves (fig. 69). 
Draw tangent lines to the curves at Q. The angle between 
the tangents is equal to the angle of intersection of the 
curves. Now, the plane of the tangents at Q being a 
tangent plane to the sphere, meets the tangent plane at 0, 
and therefore the plane of projection, in a line perpendi- 
cular to OQy since the line of intersection of two tangent 
planes to a sphere is perpendicular to their chord of con- 
tact, and it is clear that OQ meets the tangent plane at Q» 
or the plane of the angle, and the plane of projection at 
equal angles in opposite directions. Hence the theorem 
follows by the foregoing lemma. 



FAHTU. 



M 
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Projection. 



183, Theorem. — The stereographic projection of any 
spherical curve is its inverse with respect to the centre of pro- 
jection as origin. 

Let Q (fig. 69) be any point on the curve. Join Q to 
(fj the point diametrically opposite to 0, and let the pro- 
jection of Qbe joined to (7, the centre of the sphere. Then 
the angle OCq is right, and OQCf is also right, since it is 
in a semicircle. Therefore the quadrilateral CO^Qq is 
inscribable in a circle, and 

OQ.Oq^Oa.OC^^Qr". 

Hence q is the inverse of Q with respect to the centre of 
projection as origin, and a radius of inversion equal to 

r v^> where r is the radius of the sphere. 

184. Stereographic Projection of a Spherical 
Triangle. 

A 




O 

Fig. 71. 

Let ABC (fig. 71) be a spherical triangle, and the 
point diametrically opposite to A, the centre of projection. 
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According to what has been shown, the sides AB and AC 
project into the right lines ab and aCy and the side BCB^ 
projects into a circle hcb\ Again, if tangents bt and cth^ 
drawn to this circle at b and c, the angles bac^ tba, and tea 
are equal to -4, J5, and Cy respectively (Art. 182). There- 
fore, if the chords be and b'c be drawn, we have 

A + B + C-7r = 2tbc = 2bh'c {Eac. III., xxxii.). 

Hence the angle bb'c is half the spherical excess of the triangle 
ABC. 

Cor. 1. — Having given the base AB and the area of the 
spherical triangle, the locus of the vertex (7 is a small circle 
passing through the points diametrically opposite to the 
extremities of the base. 

[For, since the area is given, the angle bb'c is given, and 
the locus of c is a fixed line b'cy and therefore the locus of 
C is the circle in which the plane Ocb' meets the sphere.] 

Cor. 2. — The angles of the triangle abc are 

AyB-^E^C-- i^, i. e. A, i^2, J^s. 

185. To express the sides of the triangles abc and ab'c in 
terms of the sides of ABC. 

Let the radius of the sphere be of unit length. Then 

(i6 = tan^05 = tanic. (1) 

and 

rtc = tan^0(7 = taniA; (2) 

also, since the triangles BOC and bOc are similar, we have 



OC — OB. 00 OB. DC 
flinoe Ob. OB'' 2r* >° 2 (see Art 183). 

M2 
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Therefore 

, sin i a 

*^ lA 1 ' (3) 

cos f 6 cos $ c ^ ' 

Now, let ac meet the circle bcb^ again in c' ; then c' is the 
projection of C^, the point diametrically opposite to O ; and 
since the angle JBOJB^ is right, we have 

ab' = tan ^ 0J5' = cot i c, (4) 

and «(?' = tan AOC = cot J J ; (5) 

therefore bb' = aJ + aft' = 2 cosec c, (6) 

and cc =ac -¥ ac^ = 2 cosec J ; (7) 

, ,, 2ffC cosjflr. ,^. 

also 6 c = ^p, ^^ = j-T— -. — I — . (o) 

0£^ . OC cos f sm i c 

It is clear that ab^c is the projection of the colimar triangle 
AB^Cf and that abc' is the projection of ABC. Hence 
the equations (4), (5), (8), may be written down at once 
from the equations (1), (2), (3). Or thus: — Since Oa = 1, 
we have ab . aV = 1, and ac .ad ^ 1, so also bb' = Ob . Ob\ 
and cc' = Oc . Oc\ &c. 

186. Area of a itpherlcal itnadrllateral. — Let 

ABCD be the quadrilateral ; a, 6, c, dy its sides AB^ BC^ 
CDy DAy respectively ; S and 8' its diagonals AC and BD. 
Project the quadrilateral stereographically, taking the 
point diametrically opposite to A for centre of projection. 
The projection will have two sides right lines, and two 
arcs of circles ; and if we draw tangents bt and ct to the 
arc bc^ and tangents cf and dt' to the arc cd^ we have 

E ^ A-vB^ C -v D -2v2tcb + 2t'cd^2bc'd, 
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c and c' being the points of intersection of the circles into 
which BC and CD project. Therefore the triangle bc'd 
gives 



sin' 4- jE = sin' i bed- ,, / ,, -^. 

* 46c . dc 



But 



, , sin JS' , , cos 4 6 , , cos ic 

bd = 5—^ — 5-3, be = 5—^^ — 5-^, dc = * 



cos ^a cos irf' cos ^a sin ^8' cos ^d sin ^S' 

Therefore 

1 jp (siniJsinJJ'+cosJacos Jtf--co8jAco8jrf)(8mj88inj8'-c08jac<>sJ(j+co8j*ooe J4) 
* 4co8 J« cos JA cos Jc cosjrf 



(See Art. 112.) 



Examples. 



1 . The inscribed and escribed circles of a spherical triangle are all touched 
by another circle, viz. Dr. Hart's. Hence, by stereogniphic projection, we 
find Lr. Hart's extension of Fetterbach*8 Theorem, yiz., ** If the three sides 
of a plane triangle be replaced by three circles, then the four circles touch- 
ing these, which correspond to the in-circle and ex-circles of a plane tri* 
Angle, are all touched by another circle.'* 

2. Establish the formula 

cos a = cos b cos <; + sin ^ sin <; cos A. 
[The triangle abe gives 

(*«?)« = (ca)» + (fl*)» - 2 {ea) {ab) cos A. 
Substituting from Art. 185, the required result is obtained.] 

3. Prove that 

sin^ sin^ sin (7 
sin a sin b Bine' 

[lid he the diameter of the circle beb\ the angle which bb' subtends at 
any point of its circumference being tbb\ or B, we have 

bb' = d sin B, and etf=sdaixiC. 
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Therefore 



BmB hV sin* ,.^ ,«b- »-» 

-7-7v= — = -^-. (Art 185.)3 

sinC cc sine 



4. Deduce the analogies of Napier and Delambre. 
The triangle a^e giyes 



[ 



, A A 
tan J (* — <•) ac - ah 

^ , A ae-\^ ah^ 

cot J a 



which transforms, by Arts. 184 and 185, into 

1 / « ^v sin i (* — c) , , 
tanj -B-C)= -^4^- (cot}^. 

Again, in any plane triangle, 

(i + r) sin ^ _ (i - c) sin -<4 
sin -S + sin 6' sin j^ — sin C ' 

or, 

_(& + <;) sin J -4 {*-<?) cos \ A^ 

*~cos4(i?-C) '^ 8inJ(5-C)' 

Applying this formula to the triangle ahe (fig. 71), we find 

. sin J (ft + c) sin ^A sin J (ft — e) cos J -4 "1 

"''*''' ros i (i^ - C) " ^mi{B-C) ' J 

6. Establish Cagnoli's formula for sin }£. 

[We have, from the triangle ab'e, 

A 
sin ft' ae 

sin a 



or. 



• 1 17 • ^^^ sin J ft sin Jc . ^ J, n 

sin t ^ = Bin a — - = — - — ''— iin A ; «c. J 

ft<j cos J a 

6. Show that 

, ■ 1 + cos a + 008 ft + cos e 

cos ^ J? = — -. r-r 5 , 

4co8 J a COS ^ ft cos ^ 

by applying to the triangle ab'c the formula 

A A 

ab' =^ae cosa + eV cos ft . 
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7. Prove that 

tan J ^ = */tan J a tan J (« — a) tan i(« — A) tan J (« - r), 

by applying the ordinary expression for the tangent of half an angle of a 
triangle to the angle db'e. 

8. If R be the circumradius of a spherical triangle, show that 

_ 2sin^a sin} ^ Bin^e; 

tan 22 = * = 2—. 

n 

[Take the centre of projection diametrically opposite to A^ then the 

spherical diameter of the circumcircle which passes through A projects 

into a line, viz., a diameter of the projection of the circumcircle, and the 

latter diameter is obviously equal to tan B. But in a plane triangle we 

have 

abc 
R - — , &c.] 

9. Having given two sides of a spherical triangle, determine when its 
area is a maximum. 

[Let AB and AG hQ given. Suppose AB fixed, then B* is fixed, and in 
the triangle ab'c we have ab' and m given; therefore the angle ab'c\s a 
maximum when aeb' is a right angle, that is, when 

ab'e + €01/ = 90* ; 
or when A = B + C. 

Again, since ab' ^ cot ^e and ae = tan ^ b, 

the cases presented when ft -f c < = > ir follow, as in Art. 1 13.] 

10. Any system of coaxal, or copolar circles, on the sphere, projects 
stereographically into a system of coaxal circles. 

[For either system has a system of orthogonal circles.] 

11. Four circles on a sphere touch a fifth circle; prove that their common 
tangents are connected by the relation 

sin J ^23 Bin ^ tu + sin |- /31 sin } ^24 + sin } ^12 sin J ^34 = 0. 

[The four circles project into four circles, touched by a fifth in the plane 
of projection, and therefore the common tangents of the projected circles 
are connected by the relation 

'23 '14 + ^31 tu + ii2 tii = 0. 
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But since the angle (a) of intersection of any two curves is unaltered by the 
projection, we haye 



— ^ " = sin^^a= f , I ; therefore, &c.] 
ritanr2 ^ \4rir2/ •* 



sin' i t\i 
tan 



The above Examples migM be multiplied to almost any 
extent. They are, however, snflScient in number and 
variety to illustrate the working and power of the method 
of Stereographic Projection. 
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CHAPTEE XIV. 



SPHERICAL EECIPEOCATION. 



187. Polar Reciprocal Figures. Definitions. — 

Being given any spherioal curve F^ and a fixed small cirole, 
we can generate another curve F by taking the poles of 
the tangents to F with respect to the circle. Thus F is 
the locus of the poles of the tangents to F^ and is, for this 
reason, termed the Polar Curve oiF, Since to every point 
of F there will correspond a tangent great circle to -P, it 
is clear (Art. 152) that the great circle joining any two points 
of the former will be the polar of the intersection of the corre- 
sponding tangents to the latter. Now, let us suppose that 
the tangents to -Fare infinitely near ; then, the correspond- 
ing points on F' will be infinitely near, and the great circle 
joining them will be a tangent to F. But the intersection 
of the consecutive tangents to i^ is a point on the curve ; 
therefore — 

If a tangent to F at a point A correspond to a point A' on 
F ; then the tangent to F at A' will correspond to the point 
AonF. 

Hence the relation between the curves is reciprocal, and 
they are therefore said to be Polar Reciprocals, each of the 
other, with respect to the given circle. The spherical centre 
of the circle, its angular radius, and the circle itself, are 



170 Spherical Reciprocation. 

termed respectively the Centre ^ Radius ^ and Circk of Red" 
procation. 

Polar reciprocal figures possess the following evident 
properties :— 

(1) To every point related to one corresponds a great 
circle related to the other. 

(2) If any number of points of one lie on a given great 
circle, the corresponding great circles of the other pass 
through a point, viz. the pole of the given great circle, and 
vice versa. More generally, if any point connected with F 
describes a curve /, the corresponding great circle of F^ 
envelopes a curve f the polar reciprocal of /, and vice 
versa. 

(3) If two curves have a common point, their polar reci- 
procals have a common tangent, viz. the polar of the point. 

Thus, the intersections of a pair of curves correspond to 
the common tangents of their polar reciprocals ; and the 
intersections of the common tangents of one pair corre- 
spond to chords of intersection of the other pair. 

(4) Hence, if two curves touch, their polar reciprocals 
also touch. 

[For the first pair have a point common, and also the 
tangent at that point common ; therefore the second pair 
have a tangent common, and also the point of contact 
common]. 

(5). The number of points in which one is intersected 
by any great circle is equal to the number of tangents 
which can be drawn from any point to the other. 

(6) Any point and its polar, with respect to one, will 
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correspond to a great circle, and its pole, with respect ta 
the other. 

(7) The anharmonic ratio of any spherical row con- 
nected with one figure is equal to the anharmonic ratia 
of the correspondiug pencil connected with the other. 

(8) The polar reciprocal of a polygon, inscribed to a 
small circle copolar with the circle of reciprocation, is a 
polygon escribed to a small circle also copolar with the 
circle of reciprocation ; the points of contact with the circle 
in the latter corresponding to the vertices of the polygon 
in the former. 

188. Duality of Cfrapliical Relations or Theorems, 
•f Position. — Prom the above properties of polar reci- 
porcal curves it will appear that every theorem of position 
(/. e. one referriug only to the relative positions of points 
and great circles, and not involving magnitudes of angles 
or angular distances) is twofold, and from it we can derive 
another by interchanging the words " points " and " great 
circles.'* This principle is illustrated by the following 
examples : — 



1. The points of intersection of 
tlie opposite sides of a hexagon in a 
small circle lie on a great circle. 

2. If two of the yertices of a tri- 
angle move on fixed great circles, 
while the sides pass through three 
fixed concyclic points, the locus of 
the third vertex is a great circle. 



1. The great circles joining the 
opposite yertices of a hexagon es- 
crihed to a circle pass through a point. 

2. If two sides of a triangle pasa 
through fixed points, whUe its yer- 
tices moye on three fixed concurrent 
great circles, the enyelope of the third 
side is a point. 



189. Metrical Relations. — In order to transform 
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theorems involving metrical properties {i. e. magnitudes of 
angles and distances) it is necessary to connect — 

(1) The distance from the origin of any point of one 
figure with that of the corresponding great circle of the 
other. 

(2) The angles of one figure vrith the parts of the other. 

The first of these relations is obtained from the funda- 
mental equation (fig. 57) — 

tan PO tan P(/ = tan'a. 

In plane geometry the second relation is obtained at 
once, since the angle between any two lines is equal to, or 
is the supplement of, the angle which the line joining their 
poles subtends at the centre of reciprocation. On the 
sphere, however, the method becomes defective, since the 
angle between any two great circles of one figure has no 
direct representative on the reciprocal figure. However, 
AS yet we have in no way limited the circle of reciproca- 
tion, and we may therefore anticipate that by restricting 
it to obey certain chosen conditions, we may be able to 
remove the foregoing defect, and render the method of 
reciprocal polars applicable to metrical as well as to gra- 
phical theorems. 

That this is so will be seen from the following Ar- 
ticle : — 

190. Case when tan^a = - 1. i^applementary 

FIgares. — Since the polar reciprocal of a great circle is a 
point, it is possible by a proper choice of the circle of reoi- 
procatiou to reciprocate a great circle into its spherical 
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centre. Thus, if the radius of reoiprooation (a) be given 
by the equation tan^a = - 1 ; then (fig. 57), for any point 
and its polar, we have 

tan PO tan PO' = - 1. 

Hence Off = 90°. 

Therefore any great circle reciprocates into its spherical 
centre when the radius of reciprocation is imaginary , and given 

by the equation tan a = v^ - 1. 

Thus, the spherical centre of any great circle is its pole 
with respect to an imaginary small circle, the tangent of 

whose radius is y/- 1, and the spherical centre of which 
may have any position on the sphere. 

The circle of reciprocation being so chosen, the follow- 
ing evident properties enable us to deal with metrical theo- 
rems : — 

(1) The angular distance of any point of a curve from the 
origin is the complement of the angular distance from it of the 
correspmiding great circle of the reciprocal curve^ the distances 
being measured in opposite directions from the origin, 

(2) The angle between two great circles is equal tOy or the 
supplement of the angular distance between their poles. 

191. It is now clear that, with respect to such a small 
circle, the polar reciprocal of any figure or theorem co- 
incides with what we have heretofore called the supple- 
mental figure, or theorem ; the latter name having been 
applied because the arcs and angles of one figure are the 
supplements of the angles and arcs of the other. We 
may therefore write down the following corollaries : — 
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Cor. 1. — The reciprocal of a small circle is a copolar 
•small circle of complementary angular radius. 

Cor. 2. — The reciprocal of any triangle or polygon is 
its supplementary triangle or polygon, the angles of one 
polygon being the supplements of the sides of the other. 

Cor. 3. — Hence, if a polygon be inscribed (or escribed) 
io a small circle, its polar polygon will be escribed (or 
inscribed) to a small circle of complementary radius. 

Cor. 4. — The spherical excess of any polygon (or curve), 
added to the perimeter of its polar polygon (or curve), is 
constant, and equal to 27r. 

[The excess of the polygon (Art. Ill) is S^ - (n- 2) ir, 
and the perimeter of its polar polygon is nir - 2^ ; there- 
fore, &c.] 

192. "We shall conclude this Chapter with a list of 
reciprocal properties and theorems, the reciprocation being 
with respect to the imaginary circle of Art. 190, in which 
oase, as has been already remarked, the reciprocal figure 
coincides with what we have heretofore known as the 
Supplemental Figure. We group, by way of illustration of 
the method, in pairs, as reciprocal theorems, some of the 
Exercises which have already appeared in the preceding 
pages as apparently independent of each other. 

Let the primitive figure, Fy consist of a triangle, with 
its associated points, arcs, and circles; then the polar 
figure will consist of a triangle with its associated arcs, 
points, and circles ; and the relative positions of the great 
oiroles of either figure, and of their poles in the other, are 
shown in the subjoined list : — 
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Primitive Figuke. 

1. A great circle passing through 
the vertex. 

2. The segments of the vertical 

■angle. 

8. Two great circles, at a given 
angle, passing through the vertex. 

4. Internal and external bisectors 
of the vertical angle. 



5. Perpendiculars. 

6. Orthocentre. 

7. Medians. 



Recipkocal Figure. 

1 . A point on the base. 

2. The segments of the base. 

3. Two points on the base inter- 
cepting on it an equal angle. 

4. Mid-point of base and a point 
on it 90° from mid-point, %,e. in- 
ternal and external bisectors of the 
base. 

5. Points on the sides 90° distant 
from the opposite vertices. 

6. Axis of perspective of the tii- 
angle and its polar triangle. 

7. Intersections of the bisectors of 
the angles with the opposite sides. 



8. Three or more concurrent arcs. 8. Three or more concyclic points. 



9. Points equidistant from the 
sides ; i.e. the in-centre and three 
«x-centre8. 

10. The arcs joining the vertices 
to the in-centre. 



11. The arcs joining the vertices 
to the ex-centres. 



12. The angles made by the me- 
•diaus with the sides. 

13. A variable great circle cutting 
the base at a fixed angle. 

14. Perpendiculars at the middle 
points of the sides. 

15. The angles made by any 
transTersal with the sides. 

16. The angles between the bi- 
flectors of the angles, internal and 
external, at their point of con- 
currence. 



9. Great circles equidistant from 
the vertices. 



10. The angles made with the 
sides by the axis of perspective of 
the polar triangle and its mid-point 
side triangle. 

11. The angles made with the 
sides by the arcs joining their 
middle points. 

12. The lengths of the bisectors 
of the angles. 

13. A point describing a small 
circle round the vertex as pole. 

14. Points on the bisectors of the 
angles 90° from the corresponding 
vertices. 

16. The angular distances of the 
pole of the circle from the vertices. 

16. The arcs joining the middle 
points of the sides of a triangle and 
its oolunars. 
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193. From the preceding relations the following are 
manifest : — 

1. Since the bisectors of the angles pass in triads through four points, ih4 
internal and external bisectors of the eidea lie three and three on four great 
drclee. [Cf. Arts. 122, 20.] 

2. Since the four points in Ex. 1 are the poles of the in- and ex-circles,. 
the arcs joining the middle points of the sides are each equidistant from the 
vertices. 

3. Since the six bisectors of the sides (internal and external) pass in 
triads through four points, the intersections of the bisectors of the angles with 
the opposite sides lie three and three on four great circles. 

4. Since the perpendiculars at the middle points of the sides pass in 
triads through the poles of the circumcircles of a triangle and its three co- 
lunars, the bisectors of the angles meet the corresponding sides of the polar 
triangle in six points^ whieh lie in triads on four great circles. 

6. From the theorem of Art. 40 may be deduced the value of the angle ^ 
made with the base by any great circle passing through the vertex, in terms 
of the base angles and the segments, a and /3, of the vertical angle C\ thus, 

cos ^ sin a — cos ^ sin iS -= 4: cos $ sin C. 

[Cf. Art. 36, Ex. 6.] 

6. From the values obtained in Art. 42, for the internal and external 
bisectors of the base, we find expressions for the angles made with the base 
by the internal and external bisectors of the vertical angle. See Art. 35, 
Exs. 9 and 10. 

7. It follows from the preceding Article that the result in Art. 35,. 
Ex. 6, gives at once Art. 42, Ex. 5 ; and conversely. 

8. From the expressions for the bisectors of the vertical angle will follow 
the values of the angles made by the bisectors of the base with the base. 

[Cf. Art. 39, Ex. 1, and Art. 39, Ex. 11.] 

9. Since the perpendiculars of a triangle are concurrent, three points on 
the sides, 90** distant from the opposite vertices, are coneyclic. And conversely^ 
if two points, X and T, be taken on the sides a and 6 of a triangle, 90* 
distant from the opposite vertices, the great circle ZFwill meet the baB» 
in a point 90° from the third vertex. Now, since a triangle ABC and th» 



Supplementary Figures. 177 

three connectors, AXy BY, CZ, form a complete qoadrilateraly of which the 
connectors are the diagonals, we obtain a theorem already proved in 
Art. 145, Ex. 2, and Art. 125, Cor. 

If any two of the diagonals of a complete quadrilateral are quadrants, the 
third diagonal is also a quadrant. 

10. The relation connecting the three pairs of opposite connectors of any 
complete quadrilateral with the angles contained by each pair involves 
reciprocally one connecting the three pairs of opposite angles with the 
diagonals. 

• [Cf. Exam, Papers, V., Ex. 1, and IX., Ex. 1.] 

11. If denote the in-centre of a triangle, 

BOC+ C0A-\-A0B = 2t. 

Hence — The arcs Joining the middle points of the sides of the three eolunar 
triangles are together equal to two right angles. 

(Art. 121, Ex. 9.) 

12. Having given the base of a triangle = 90°, and the sum of the squares 
of the cotangents of the base angles, find the locus of the vertex. 

[The reciprocal problem is ** to find the envelope of the base of a right- 
angled triangle when cot* a + cot'* is given.'* See Art 66, Ex. 6(A); 
therefore, &c.] 

13. ** Having given the base e and / cot ^ -I- m cot B, find the locus of the 
vertex" (Chap. III., Misc. Ex. 42) involves the reciprocal problem; '^having 
given the vertical angle C and / cot a + m cot 6, find the envelope of the 
base." (Art. 39, Ex. 10.) 

14. Having given the vertical angle C and / cos ^ + m cos B, find the 
envelope of the baee. [Art. 42, Ex. (1).] 

15. When the vertical angle of a triangle and perimeter are given, the 
base touches the ex -circle which, by the given conditions, is fixed in posi- 
tion ; hence when the base and area are given, the locus of the vertex is a 
small circle, (See Art. 101.) 

16. If a quadrilateral be circumscribed to a small circle, the product of 
the cosines of the halves of the^ internal angles of intersection of opposite 
sides is equal to the sum of the products of the cosines of the halves of the 
opposite angles of the quadrilateral. (See Art. 25, Ex. 6.) 
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CHAPTER XV. 



MISCELLANEOUS PEOPOSITIONS. 



Pbop. 1. — To find A relation connectlni^ the 
i^ents of four circles mrlilcli toneli a flfth. 




Let Pi, Ps, Pi, Fi (fig. 72) be the poles of the four circles, ri» »^i »% ♦'4, 
their angular radii, Pthe pole, and M the angular radius of the circle 
touching them at the points A, By C, D. Then (Art. 33) the triangle 
PiPPa gives us, if P1P2 = 5i2, 



8in»}P = 



cos(ri-r2)- co8 812 
2 sin (-R - ri) sin {JR - r2)* 



Therefore 
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cos (ri — r2) - cos 812 



sin (i? — ri) sin (-fi — rt) 



But if tii denote the common tangent to the circles Pi andPs, we have, from 
the triangle PiOPs, 



. , . . 1 r> /cos {t'l - Ti) - CO 

• ^ 2cosriC08r 



— r2) — cos 812 
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Hence 

J AS s sin i tiz sin SJ~r 

AfSl] 



cos ri cos r2 
8in " " ■" " ' - ■ 



sin (J2 - ri) sin (J? - ra) 

Now, since the quadrilateral ABGB is cyclic, we have 

sin J i^C sin J ^2) + sin J (7J[ sin J-ffZ) + 9X^\ AB sin J Ci) = 0. 

Therefore, by substitution, we find 

sin \ /23 sin ^ ^u + sin \ tz\ sin ^ ta + sin J tn ain ^ ^34'= 0. 

(See Art. 174, Cor, 1.) 

Pbop. 2.— If 0*1, 0*2, 0*8 denote the symmedians of a trianifle 
from the anffles A^ B^ Cy respeetlTely^ to proTe that 



. /sin* h + sin* <? + 2 sin * sin c cos A 

tau <ri = V — — -; — - — > 

cot sin tf + cot c^aah 

with ttimilar expressions for tti and 0-3. 

For let X and z be the segments of the angle A^ made by the median /3. 
Then we have 

cotd sina; -f cot c sin ^ = cotiS sin^ ; (Art. 65, Cor. 2.) 

alao cottf sino; + cot 6 sin^ = cot<r ain^^, 

and sin c sin ;r — sin & sin y = 0. 

Eliminating x and z from these three equations, and substituting for sin i3 
in the result the value given in Exam. Paper VII., Ex. 4, the above ex- 
pression is obtained, since 2 cos /3 cos ^ a = cos h + cos e, 

Pbop. 3. — Havinf^ ifiven the three perpendiculars^ a, /3, 7, 
of a triani^le 1 construct it. 

From the equations sin a sin a = sin d siu /3 s sin sin 7 » 2 » (1), 
we have 

,0 , /sina + sin i + sin c\* , 
(cosec a + cosec /3 + cosec 7)* - 1 = I r — J "" * 

[ sin a + sin (j - a) -f sin (a - 3) -t- sin (j ~ c) lf 
2n J* 

[Art. 86 (1)0 
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Similarly, 

(cosec fi + cosec y - oosec o)' - 1 = I ■ ) " ^ 

= r ''i^» + »in(«-«)-rin(.-4)-sin(.-o) j » . ^^^ ^^ ^^^^ 

with similar expressions for cosec y + cosec a - cosec $j &c. 

Now let the left members of these four equations be denoted by 
K, Kii K2, K3 ; and, by addition, 

2 sin « = » (k + Ki + K2 + Ks) ; 
also 2 sin (» — a) = « (ic + «ci — icj — 1C3), 

and 2 sin (« — J) = « (k — ici + IC2 - ks), 

2 sin (» - <?) = « (ic — Ki — Ka + «C3) ; 

therefore, by multiplication and reduction, 

4 n =y/ (k + ici + K2 + Its) (. ...)(• •••)(• • • •)» 
and is therefore known. Hence we may find the sides from (1). 

Prop. 4. — HaTiiig^ g^iTen the four sides of a qnadrilatersl 
Inscribed in a cirele i to determine the diaf^onals and 
anifles. 

Let a, /3, 7, 8, S be the sides and area of the chordal quadrilateral ; then 

A A 

2S- {afi + yt) sin afi « ($y + 08) sin fiy. 

Hence 

. A 

/37 4-a8 8ma$ .- £ .- , 
L = — = ratio of diagonals. 

8mi37 

Therefore if ay by c, d denote the sides ; 8, 8' the diagonals of the spherical 
quadrilateral, we have 

sin?^ sin^c + sin^a sin4i2 sin 4 8 
sin ^ a sin i ^ + sin I (; sin J (/ sin J 8' ' 

ako fiiniasin]^(; + fiini6sini(jssini8sini8\ (2) 
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two equatioiiB which give at once 

sin^ J 8*, and sin^ J S', 

Otherwise thus : — Applying the formula of Art. 117 to the triangles on 
the hase 8, it follows that 

Bin^iS-sin^^-sin'je? sin^ ^ S - sin^ ^ a - sin"^ rf 

sin ^ d sin J sin ^ a sin ^ e;? ' 

therefore, &c. 

Again, 

. , , A sin* i 5 - sin' i{a~b) 

sm«Jai= —2^ .-^ '; 

sm a sin 6 

Substituting in this equation the value of sin* J 5, already obtained, and 
reducing, we find 



. 3 1 ^ _ t08 i (a - ^ + f - rf) cos J (a - * - c — rf) sin J (« - «) sin J (« - *) 

cos i a COS i b (sin ^ a sin ^ 6 + sin ^ c sin J e;?) 

(3) 
Similarly, 

. ji '\ cosJ(a — d + c-rf)co8j(a-i-c-rf)sin J(»-c) sin J(»-rf)^ 

cos i c cos ^ d (sin ^ a sin ^ ^ + sin ^ sin J (^) 

and ainoe (Art. 33) 

sin a sin o 
we get, by 'substituting for sin* i 8, in terms of the sides, and reducing, 



, ,\ cos i {a -^b + c-i-d) COB i (a + b^c -{-d) sin ^{s - c) sin h {s - d) 

cos i a cos ^ b (sin ^ a sin j^ & + sin ^ sin ^ e;Q 



and 



(6) 



coe* 



-A cos 1 (a + i + tf + rf) cos J (a + i - <; + rf) sin J (* - «) sin J (* - A) 
cos^ c cos ^ ^ (sin } a sin j^ ^ + sin ^ ^ sin | «?) 

(6) 



* A cyclic spherical quadrilateral can thus be constructed when the four 
sidM Are known. 
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From (3) and (6) we get 

2 J A ^ cos J (a — i + c — rf) cos J (a - J — <? - rf) sin J (a — fl) sill J (< - i) 
G0^\ {a ^^ h -\- e -k- d) co%\ {n + b — c ^ d) %m\ {8 — c) fsiii\ {s ^ V 

Puop. 5. — To And the area of a spherical quadrilateral 
inscribed in a circle^ in terms of the sides. 

From Art. Ill, Cor, 2, it folio ws, that if E denote the excess of the quad- 
rilateral, 

sin J E=- — cos J [ab + ed), 
expanding the right memher of this equation, and suhstituting the values 

ohtained for sin J aby &c., in the previous Proposition ; on reduction we 
find 

8ini^= / s"^ M* - g) amf (a. - b) s m"^ (7 ^sin j [s - d) 
* \ cos^a cos^d cos^ccos^^ 

By a similar method we ohtain 



, _ /cosi(a+*+c+rf)cosi(a+i-(j+rf)cosi(a-d+tf-rf)cosi(«-*-«-<A 

cosJj&=/ — ^- '- ?-\ .^ Y Hj 

\ cos ^ a cos ^ cos f c cos ^ a 

(2) 

Hence, dividing (1) hy (2), 



\ cos i (oT* + eVd) (....)(...)(••••) 

P&op. 6.— To find the dlag^onal of a parallelepiped In terms 
of Its edfpes^ and their mutual inclinations. 

Let OA ^ XyOB — y, OC = z, and let the inclinations he BOC = a, COA 
B /3, AOB s y. Then the triangle OEB gives 

Olfi = OE^ + z^ + 2z.0E cos COi? 

= «' + y* + «' + 2xy C0S7 + 2« O^coe COE, 
Now, it is clear that OE cos COj^ is the projection of OE on the line OC^ 
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and therefore it must be equal to the sum of the projections of OB and BE 
Oil the same line, or of OB and OAy that is 



Hence 



OE cos COE = y cos o + a: cosjB. 

OD^ = a;2 + y' + 2* + 2t/z cos a + 2zx cos j8 + 2xy cos 7. 

C 




Fig. 73. 

The same result maybe arrived at by describing a sphere round as centre, 
meeting the lines OA, OBf OC, OE in a, b^ c, e^ respectively, and by deter- 
mining the angle COEy that is, the arc ee^ by aid of Art. 40, and by noticing 
that OE sin AOE = y sin 7, and OE sin BOE = a; sin 7. 

Prop. 7. — ITolaine of Parallelepiped. — The volume of the parallel- 
epiped (fig. 73) is equal to the ai^ea of the face OAEB multiplied by the 
perpendicular distance of C from it, that is 

volume = \xy ^ahx z sin^, 

where p is the perpendicular arc from e on ab\ therefore 
volume = \ xyz (n of triangle abe) 

= xyz (1 - cos'a — cos' /3 - COS27 + 2 cos a cos/3 cos 7)*. 

Pkof. 8.— If 8 denote the number of solid anf^les of any 
polyhedron^ JP the number of its faces^ and E the number of 
Its edf^es^ to shomr that 

Let all the edges of the polyhedron be projected on a sphere of unit radius, 
whose centre lies within the polyhedron. Each face will thus project into 
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a spherical polygon [Art. 177 (7)]. Now, if » denote the sum of the angles 
of one of the polygons, and n the number of its sides, its area is equal to 
8 — (n — 2)Te\ therefore, since the sphere is divided into F polygons, its 
area, or 4ir = 2« — ir5» + 2irJ'; but 2« = 2ir5', and 2» = 2^, since every arc 
on the sphere is a common side of two polygons. 
Substituting these values, we have 

4ir=2ir5'-2ir£:4 2irJ'; 
or 

s-{ f=:e+2. 

Pbof. 9. — If A spherical diameter SC of a small circle be 
drawn thronf^li the vertex C of an Inscribed triangj^le to 
meet the base in P; proTC the relation 

tan i AffPt^n i BEP = '!^ [^ " ^| , 
^ ^ sm (J? -f- 8)' 

where 8 = HP. 

Applying Napier's Analogies, Art. 56 (1), to the triangle AHP, and 
Art. 56 (2) to the triangle BEP, and multiplying the results together, the 
above equation is obtained. 

Cor. — If (7 is a right angle, cos* R = . ,^ — -7 . 

® * 8m(J2 + «) 

[Apply Art. 44 (5) to the triangles ECX and ECY (fig. 32)]. 

Hence — If a variable righUangled triangle, with fixed vertex, he interibed 
in a small circle, its base passes through a fixed point; and reciprocally, if 
the base of a variable triangle, whose inscribed circle is given fixed in position, 
be equal to a quadrant, the locus of the vertex is a great circle. 
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Ambiguous Case, 68. 

discussion of, 70. 
Angle between two planet (or great 
circles), 6. 

of a triangle, 14. 

solid, 11. 

subsidiaiy, 69, 76. 
Anharmonic ratio, 135, 173. 
Approximations, 107, 110, 121. 
Area of a circular segment, 97, 106. 

polygon, 111. 

quadrilateral, 112, 186. 
cyclic. Chap, xv., Props. 4, 6. 

triangle, 100, 103, 105. 
Axis of perspective, 140. 

radical, 156. 

of similitude, 161. 

of a circle, 4. 

Bumside, Professor, 35. 

Cagnoli's formula, 103. 
Casey, Professor, 39, 135, 141, 174. 
Centre of Perspective, 140. 
Circles, coaxal, 156. 

great and small, 2. 

Hart's, 88, 174. 

in-, ex-, andcirenmcii cle, 77-84. 
polar, 154. 

polar equation of, 43. 
p and r equation of 150, Ex. 10. 
primary and secondary, 5. 
reciprocation, 187. 
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Circles, self-inversion of, 11. 

tangent, 14. 
Circular parts, 45. 
Concurrent arcs, 54, 122. 
Concyclic points, 124. 
Conjugate points, 151. 
Cremona's Geometry, 135. 

Delambre, Analogies of, 56, 64. 
Direction cosines, 1 27- 1 34 . 
Double points, 147. 

Educational TimeSy 31, 39, 43, 75. 
Envelope, 36. 
Equianharmonicism, 139. 

Finch, Mr. Thomas, Exam. Paper 

X., 1. 
Formulae, in plano^ 28, 35, 86, 39, 

41, 43, 89, 94, &c. 
table of, 43. 

Gauss, Formulae of, 33, 56, 64. 
Graphical relations, 177, 188. 

Harmonic Section, 136, 153. 
Haughton, Rev. Samuel, 66, Ex. 20. 
Horizon, reduction of angle to, 110. 
Hudson, Plane Trigonometry, 39. 

Inverse figures, 167. 
„ points, 166. 
Inversion, 166. 
Involution, 146, 147. 
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Law, Bishop, 43, Ex. 39. 
Lexell^s Locus, 101. 
Lhuilier's formula, 103. 
Limiting points, 158. 
Lune, area of a, 8. 

M'Cay, Mr. William S., Exam. 

Paper xii. 
M'Doweirs Geometiical Exercises, 

43. . 
Metrical relations, 178, 189. 

Napier's Analogies, 33, 66, 63. 

rules, 45. 
Nicolls, Mr. William, Exam. Paper 
IX., 7. 

Panton, Theory of Equations, 35. 
Parallelepiped, Chap, xy., 6, 7. 
Parts of a triangle, 17. 
Perspective, axis of, 140. 

centre of, 140. 
Polar reciprocal figures, 187. 
Pole, 4. 

Poles and Polars, 151. 
Polygon, maximum area of, 115. 
Polyhedron, Chap, xv., 7. 
Points, corresponding, 177. 

douhle, 147. 

inyerse, 166. 

inrersely corresponding, 163. 

limiting, 158. 
Projection, spherical and stereogra- 

phic, 176-179. 
Badical Axis, 156. 
Radical Centre, 157. 
Reciprocation, 187. 
Roy's Rule, 109. 
Russell, Mr. Robert, Exam. Paper 

X., 1. 

Salmon^ Rev. Dr., 30, 88. 



Similitude, axis of, 165. 

centre of, 162. 
Solution of oblique triangles, 57. 
Solution of right-angled triangles, 

46. 
Spherical, arc, curve, polygon, &c., 
J4, 15. 

excess, 29, 100. 
Supplementary figures, 190. 
Symmedian, 31, Chap, xv., 2. 

Theorem, Feuerhach's, 186. 

Legendre's, 29, 43, Exam. 

Paper viii., 2, 3. 
Pascal's, 150. 
Ptolemy's, 25, 174. 
Sahuon's 151. ' 
Supplemental, 34, 35, 36. 
Todhunter, Plane Trigonometry, 18, 

43, 45. 
Townsend, Professor, 41, 42, Exam. 

Paper ix., 7. 
Traill, Dr. Anthony, Exam. Paper 

XI. 

Triangle, chordal, 19, 117-121. 
colunar, 16. 
maximum, area of, 113. 
polar, 20. 
primitive, 16. 

quadrantal, 25. / 

right-angled, 27, 44. 
self -conjugate, 152. 
supplemental, 22. 
63rmmetrica]ly equal, 19. 
triquadrantal, 126. 

Volume of a parallelepiped, Chap. 

XV., 8. 
Volume of a segment of a sp here, 99. 
Volume of a sphf 



THE END. 




